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CHAPTER 1 – INTRODUCTION 
CHAPTER 1 – INTRODUCTION 
The 1.85 Ga Sudbury structure is located ca. 420 km west of Ottawa and ca. 340 km north of 
Toronto (Ontario, Canada). It is the remnant of one of the world’s largest meteorite craters with an 
original diameter of about 250 km, and comprises three units, (1) the Sudbury Igneous Complex (SIC) 
that crystallized from the impact melt sheet, (2) the shock-brecciated Archean to Huronian footwall 
rocks, and (3) the overlying Whitewater Group composed of fallback-breccia and marine sediments.  
 The deposits hosted by the Sudbury footwall are prominent exploration targets because of their 
high base metal (Cu, Ni) and especially high platinum-group elements (PGE) contents. Their genetic 
relation by element mobilization and redistribution to magmatic Ni-Cu deposits located along the basal 
SIC contact has long been recognized; however, there is an ongoing discussion on the mechanism 
(metal enrichment via interaction with contact ore vs. initially metal-enriched liquids), the media 
(hydrothermal fluids vs. magmatic liquids), the source of media (magmatic sulphide liquid segregation 
vs. magmatic fluid segregation and mixing), and the transport process (in situ vs. structurally controlled) 
(e.g., Farrow and Watkinson, 1992; Li and Naldrett, 1993a; Jago et al., 1994; Morrison et al., 1994; 
Watkinson, 1999; Marshall et al., 1999; Molnár et al., 2001; Hanley et al., 2005; Lesher et al., 2009; 
Péntek et al., 2009; Tuba et al., 2010; Kjarsgaard and Ames, 2010; Hanley et al., 2011). The recent 
classification of footwall deposits into “low-sulphide” and “sharp-walled” systems (Farrow et al., 2005) 
enabled researchers to carry out focused studies on both end-members, concluding that the sharp-
walled subtype is dominantly magmatic, whereas low-sulphide mineralization involved hydrothermal 
processes (Péntek et al., 2008; Lesher et al., 2009; Nelles et al., 2010; Hanley et al., 2011). There is still 
no consensus, however, on factors such as the extent of hydrothermal input, fluid source and transport 
mechanism. 
The Sudbury structure underwent extensive alteration by multiple hydrothermal systems which 
affected all stratigraphic levels including the Sudbury Igneous Complex itself (Farrow and Watkinson, 
1992; Ames and Gibson, 1995; Ames et al., 1998; Marshall et al., 1999; Molnár et al., 1997, 1999, 2001; 
Campos-Alvarez et al., 2010). By recognizing the involvement of hydrothermal fluids in low-sulphide 
mineralization, the need for detailed description of these hydrothermal mineral assemblages (both 
Sudbury-related and later) emerged for several reasons. The low-sulphide mineralization is characterized 
by the highest total precious metals (TPM; concentration of Pt+Pd+Au in g/t) tenors in the Sudbury 
mining camp, whereas the total sulphide content is less than 5%, represented by disseminations and thin 
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veinlets. Numerous reports describe alteration minerals directly associated with sulphide occurrences in 
footwall deposits in general (e.g., Farrow and Watkinson, 1992; Li and Naldrett, 1993a; Farrow, 1994; 
Everest, 1999; Molnár et al., 1997, 1999, 2001; Péntek et al., 2008), but the recognition of sulphide-
poor, high-TPM “low-sulphide” assemblages and their distinction from barren alteration was 
problematic. Until this study, the characteristics of the hydrous silicates associated with low-sulphide 
occurrences had not been studied in detail, and the zonation of hydrothermal alteration associated with 
this style of mineralization was not recognized. Furthermore, incorporating post-Sudbury alteration 
assemblages into models dealing with the Sudbury hydrothermal system may lead to misinterpretations.  
1.1 The aims of the study 
This project started out as a case study for Wallbridge Mining Company Ltd., a junior exploration 
company in the Sudbury mining camp, focusing on the practical question: “How can sulphide-poor, 
epidote-rich, PGE-bearing alteration be distinguished from sulphide-poor, epidote-rich, non-PGE 
bearing samples during field exploration for footwall deposits?”. The question was based on the results 
of Molnár et al. (2001), who described hydrothermal alteration types and associated fluids in the 
Onaping-Levack area, and distinguished hydrothermal systems associated with Cu-(Ni-)PGE 
mineralization from more regional fluid flow systems which did not produce enrichments of precious 
metals. To answer the question, detailed alteration mapping and sampling of stripped outcrops were 
performed, the temporal and spatial relations of the mineral assemblages established, and characteristic 
textural features aiding surface exploration were outlined. 
By the recognition of the diversity and extent of hydrothermal alteration associated with, and post-
dating, low-sulphide PGE occurrences, the study was guided by a variety of questions: 
(1) To what extent were hydrothermal processes involved in low-sulphide mineralization? 
(2) What stages did the SIC-driven hydrothermal system exhibit? 
(3) What properties did the SIC-driven hydrothermal fluid have and how did it evolve? 
(4) What were the factors controlling the distribution of Sudbury-related alteration and PGE 
mineralization? 
(5) What were the characteristics and extent of late hydrothermal systems superimposed on the 
Sudbury-related assemblages? 
Several areas were chosen to investigate in the project, of which the Wisner and Amy Lake areas, 
in the North and East Ranges, respectively, were studied in detail. Establishing the characteristics of the 
Sudbury-related hydrothermal system in these areas is especially important for the sake of comparison 
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because most former studies focused on ore systems of one particular district of the Sudbury structure, 
the Onaping-Levack area. Furthermore, the focus of exploration has been shifted in the past 10 years 
towards the East Range, from where very limited data are available.  
The investigation guided by these questions is presented in the dissertation. After an introduction 
to the general geology and ore deposits of the Sudbury area (Chapter 2), the main geological features of 
the three mineralized zones (Wisner South and Southwest zones, as well as the Amy Lake PGE zone) 
are outlined (Chapter 3). A brief geological summary is given of additional locations in the Sudbury 
structure. 
Petrographic features, structural attributes and distribution of hydrothermal alteration groups are 
presented in detail in Chapter 4, highlighting key characteristics and providing the basis for analytical 
work. Major and trace element patterns including PGE and other precious metal contents of the most 
significant alteration types and selected minerals are reported in Chapter 5, whereas Chapter 6 presents 
the systematic distribution of base metals, PGE, and pathfinder elements from several aspects in the 
Wisner Southwest and Amy Lake PGE zones. The latter section also outlines geochemical similarities of 
these areas to metal patterns of other footwall sulphide systems. For further characterization of 
hydrothermal fluids, fluid inclusion and stable isotope studies were also carried out (Chapter 7). Because 
of the complexity of alteration assemblages and diverse data, a succinct summary is included at the end 
of all descriptive chapters.           
In the discussion (Chapter 8), the acquired data are used for establishing structural and genetic 
relationships of the studied alteration groups, the source, composition and evolution of hydrothermal 
fluids. Macro- and micro-scale zonation of the fluid systems, as well as the factors controlling the 
formation and appearance of the low-sulphide mineralization are also discussed.   
Understanding the Sudbury hydrothermal system is especially important as there is a growing 
number of studies published on similar low-sulphide, high-PGE hydrothermal deposits in the vicinity of 
mafic intrusions from other areas of the world (e.g., Grokhovskaya, 2010; Campos-Alvarez et al., 2011). 
A summary of common mineralogical and structural features of these occurrences demonstrates the 
similarities of these systems to the Sudbury low-sulphide occurrences (Chapter 8.4). Recognition of 
shared characteristics supports the exploration for this type of deposits. The results and conclusions of 
the study are summarized in Chapter 9, where the role of hydrothermal assemblages as an exploration 
tool for Sudbury low-sulphide deposits is also outlined. 
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1.2 Methods 
1.2.1 Field work and sampling 
Geological and/or alteration mapping of several areas explored by the Wallbridge Mining 
Company Ltd. (hereafter “Wallbridge”) were performed during the study. In the Wisner Southwest and 
South zones as well as in the Amy Lake PGE zone, detailed mapping of hydrothermal alteration 
assemblages were carried out at a 1:50 to 1:75 scale on stripped and high-pressure washed outcrops. 
Geological mapping of these trenches had previously been done by Wallbridge, except for the Amy 
Lake 2010 trench, where geological and alteration mapping were both executed by this study. 
Lithological units of the Trill breccia outcrops have been mapped at a 1:50 scale; hydrothermal 
alteration at the location was observed and sampled but detailed alteration maps were not prepared. 
Hydrothermal mineral assemblages were also observed during geological mapping at 1:2,000 scale 
at several locations of the Sudbury structure (Frost Lake, Skynner Lake, Foy, Pele Mountain and 
Creighton South properties). Locations of outcrops were established by Garmin eTrex GPS at an 
accuracy typically around 3 to 10 metres, and were indicated on a UTM zone 17 grid in either NAD 27 
or 83 datum superimposed on air photos.    
Investigation of alteration features on the surface was extended to lower stratigraphic levels by 
studies on drill core from the Wisner and Amy Lake zones. A total of 1244 m drill core from 8 drill 
holes (5 from Wisner and 3 from Amy Lake) have been re-logged and documented in detail focusing on 
hydrothermal alteration. 
Beside grab samples, channel samples were taken by using a circular rock saw. Veins from surface 
samples were carefully cut out from the host rock to constrain the geochemistry of the alteration 
assemblages. For this reason, veins of at least 2 to 3 mm in width were preferred. 
1.2.2 Bulk-rock geochemistry  
Whole-rock geochemical analysis of grab and channel samples as well as half-core samples, 
provided by Wallbridge, was carried out by ALS Chemex Ltd. The concentration of 47 elements, 
including Cu and Ni, was determined by the ME-MS61 ultra-trace method, which uses both inductively 
coupled plasma atomic emission spectrophotometry (ICP-AES) and mass spectroscopy (ICP-MS) 
analyses. In addition, Pt, Pd, Au and Ag concentrations were determined by using the PGM-ICP23 
procedure. Elements exceeding a concentration of 1 wt% were re-analyzed by respective OG62 
procedures. One-half of the detection limits are indicated in the acquired dataset for analytical results 
below the detection limits. 
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1.2.3 Electron microprobe analysis  
Mineral chemical data were dominantly obtained using a Camebax MBX electron microprobe at 
Carleton University, Ottawa. Operating conditions for silicate measurements were 15 kV and 15 nA, 
while platinum-group minerals (PGM) and sulphides were analyzed at 20 kV and 35 nA. A counting 
time of 40 s and 60 s was applied for F and Ni, respectively. All other elements were analyzed using 
counting times of 15–20 s or a maximum of 40,000 counts. Electron microprobe analysis of epidote 
was also carried out at the University of Leoben, Austria, using a JEOL JXA 8200 instrument. 
Wavelength-dispersive X-ray spectroscopy was conducted using operating conditions of 15 kV and 20 
nA. Linear amphibole profiles were obtained at the University of Graz, Austria, using a JEOL SEM 
6310 electron microscope equipped with both energy and wavelength dispersive spectrometers. Beam 
conditions of 15kV and 15 nA were employed. Backscattered electron images were also taken at the 
Eötvös Loránd University (Budapest, Hungary) using an AmRay 1830 I/T6 scanning electron 
microscope. 
1.2.4 LA-ICP-MS analysis 
Trace element analyses of epidote and allanite were performed by LA-ICP-MS at the Geological 
Survey of Canada, Ottawa. An Analyte.193 laser ablation sampler (Photon Machines Inc.), based on an 
ArF excimer laser (  = 193 nm), was coupled to an Agilent 7700x quadrupole ICP-MS running in 
standard configuration except for the addition of a second interface rotary pump, which approximately 
doubles instrument sensitivity. The ablation process was carried out using a laser spot diameter of 21–
34 m, at a wavelength of 193 nm and a repetition rate of 10 Hz. Data were acquired on selected 
isotopes of 52 elements for 120 s, starting with a 40-second period where only the gas blank was 
collected. An average of 10 grains was ablated from each sample, using spot analysis, bracketed between 
runs of the calibration standards analyzed twice at the beginning and end of the analytical session. For 
epidote grains, the average CaO content, determined by electron microprobe analysis, was used as an 
internal standard, together with calibration standards NIST-612 (for Pt, Pd, Cl and Rh) and GSD-1G 
(for the other isotopes analyzed). Major element composition of selected allanite cores and REE-rich 
epidote rims was first established by means of electron microprobe analysis, then the same grains were 
laser ablated using respective CaO content as internal standard, and NIST-612, GSD-1G, and BCR-2G 
as calibration standards. Detection limits were calculated for each individual analysis to take differing 
ablation yields into account.  
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1.2.5 Fluid inclusion studies  
Doubly polished sections of 0.1–0.15 mm thickness mounted on 26 by 42 mm standard size 
glasses were prepared for fluid inclusion petrography and microthermometry studies. Origins of 
inclusions were classified according to criteria introduced by Roedder (1984). Microthermometry of 
fluid inclusions was carried out using a Linkam FTIR 600 heating-freezing stage at the Department of 
Mineralogy, Eötvös Loránd University (Budapest, Hungary). Both stages were standardized to 0.1°C 
reproducibility of temperature readouts at -56.6°C and 0°C, as well as 1°C reproducibility at 372°C 
using pure CO2-H2O and H2O synthetic fluid inclusions. High temperature heating runs (above 500°C) 
were performed in pure N2 gas atmosphere within the microthermochamber in order to avoid oxidation 
of sulphide minerals and the steel body of the sample chamber. To eliminate the stretching effect on the 
homogenization temperature (Bodnar, 1994), each sample chip was heated only in a single run during 
data collection. 
In addition to samples analyzed in this study, the excessive database of a Wallbridge’s fluid 
inclusion project in the Amy Lake zone was used. From this database, samples that could be 
indisputably classified as representing one of the established alteration groups were regarded only. 
Verification was based on macro photos, petrographic descriptions, and photomicrographs provided 
with each sample, and, in some cases, thin sections.     
1.2.6 Stable isotope analysis 
Stable isotope analyses were carried out in the Stable Isotope Laboratory at the University of 
Lausanne (Switzerland). Samples are reported relative to international standards SMOW (oxygen and 
hydrogen) and VCDT (sulphur) according to the equation 
Sample = (RSample/RStandard-1) x 103 
where R marks the ratio of heavy vs. light stable isotopes of given element. 
For oxygen and hydrogen isotope studies, hydrothermally altered rock samples were crushed and 
sieved, then fractions typically around 125–250 m in grain size were magnetically separated and hand-
picked under binocular microscope until epidote and quartz separates reached a visual purity of about 
99%. Mineral separates for oxygen isotope analyses were washed in 10% HCl solution to eliminate 
isotope contamination due to microscopic calcite replacement. Oxygen isotope compositions were 
attained using a method based on Sharp (1990) and Rumble and Hoering (1994), described in detail in 
Kasemann et al. (2001). The 18O values were measured by means of laser-fluorination and gas source 
mass spectroscopy, where about 1.1–1.8 mg of powdered epidote and quartz were evaporated in a F2 
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atmosphere using a CO2 laser coupled to a Finnigan MAT 253 mass spectrometer. All samples were run 
in duplicate and were compared to in-house quartz standard Ls-1 (18.1‰), calibrated against NBS-28 
(9.64‰). 
Hydrogen isotope compositions of 4 to 5 mg epidote powder samples were attained using high-
temperature (1450°C) reduction methods with He-carrier gas and a thermal conversion elemental 
analyzer linked to a Thermo-Finnigan Delta Plus XL mass spectrometer, according to a method adapted 
after Sharp et al. (2001). The precision of the method was within the 2‰ range according to analyses 
on in-house kaolinite (-125‰) and biotite (-63‰) standards. Normalized values were gained using 
NBS-30 biotite (-65‰).
Sulphur isotope analyses were performed using an on-line elemental analyzer Carlo Erba 1108 
coupled to a Thermo Fisher Delta V Plus isotope ratio mass spectrometer (EA-IRMS) system through a 
continuous helium flow interface. Sulphide samples were hand-picked, powdered and wrapped in tin 
capsules in 0.2 mg batches, then completely oxidized to SO2 under a flow of helium and oxygen by flash 
combustion at 1030°C. As a reference, pulses of SO2 standard gas were calibrated against the NBS-123 
zinc sulphide (17.1‰) international standard. Replicate analyses of pyrite (-7.0 ‰) was used to assess 
the reproducibility of the EA-IRMS, whereas the accuracy of the 34S analyses was checked periodically 
by analyses of the international reference materials IAEA S1 and S2 silver sulphide (-0.3 and 21.7‰, 
respectively), and NBS-123. 
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The Sudbury structure straddles the suture zone of the Archean Superior and Paleoproterozoic 
Southern provinces of the Canadian Shield (Fig. 2.1). It is the remnant of a 200 to 250 km, 1.85 Ga 
multi-ring impact crater (Dietz, 1964; Krogh et al., 1984; Grieve et al., 1991; Deutsch et al., 1995; Pope 
et al., 2004; Spray et al., 2004) comprising three distinct geological units, (1) the impact brecciated 
Archean and Huronian footwall, (2) the differentiated and crystallized impact melt sheet known as the 
Sudbury Igneous Complex, and (3) the overlying units of crater-fill fallback-breccia and marine 
sediments, classified as the Whitewater Group (Fig. 2.1; Dressler, 1984a; Krogh et al., 1984; James et al., 
1991; Grieve, 1994; Meldrum et al., 1997; Ames et al., 2002; Mungall et al., 2004; Zieg and Marsh, 2005). 
The overwhelming suite of evidence for the impact origin of the Sudbury structure includes impact-
induced structural features (Chapter 2.2), distal ejecta and tsunami layers of corresponding age found as 
far as 800 km from the area (Addison et al., 2005; Pufahl et al., 2007), and iridium anomalies observed 
in distal ejecta and crater-fill fallback breccia (Mungall et al., 2004; Pufahl et al., 2007).  
2.1 Geological units of the Sudbury structure 
2.1.1 Footwall units of the Sudbury Igneous Complex 
The SIC developed overlying two major and geologically distinct provinces, resulting in a 
significant age and compositional contrast in its footwall rocks (Fig. 2.1). Along the South Range of the 
Sudbury structure, the Huronian metavolcanic and metasedimentary units (2.50 to 2.10 Ga: Dressler, 
1984a; Krogh et al., 1984) of the Southern province are exposed, intruded by the Creighton and  Murray 
granite plutones (at 2.30–2.40 Ga: Frarey et al., 1982; Krogh et al., 1984). In the North and East Ranges, 
the SIC is dominantly underlain by the Levack Gneiss Complex (2.71 Ga: Krogh et al., 1984) 
comprising supracrustal and intrusive units that were metamorphosed at upper amphibolite to granulite 
facies (2.65 Ga: Krogh et al., 1984; Card, 1994; Wodicka, 1997). Partial melting of the gneiss complex 
resulted in the emplacement of monzogranitic to granodioritic units of the post-orogenic Cartier 
Batholith (2.64 Ga: Meldrum et al., 1997), and the gneissic and granitoid rocks were later intruded by 
mafic units of the East Bull Lake suite (2.49–2.47 Ga: Krogh et al., 1984), the Matachewan dyke swarm 
(2.47–2.45 Ga: Heaman, 1997), and the Nipissing suite (2.2 Ga: Corfu and Andrews, 1986).
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Fig 2.1 Location and geology of the Sudbury structure (after Dressler, 1984b, and Ames et al., 2005). 
(GBF: Grenville Belt Front, FLF: Fecunis Lake Fault, SCF: Sandcherry Creek Fault, SRSZ: South 
Range Shear Zone) 
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2.1.2 The Sudbury Igneous Complex 
Thermal and structural models imply that the impact melt sheet generated by the Sudbury impact 
may have reached a volume of 35,000 km3, temperatures over 2,000°C, and a thickness exceeding 3 km 
(Grieve, 1994; Ivanov and Deutsch, 1999; Prevec and Cawthorn, 2002), causing the assimilation of 
several hundred meters of its footwall (Prevec and Cawthorn, 2002). Magmatic differentiation of the 
melt body resulted in the formation of the layered SIC Main Mass comprising the lowermost noritic 
units, the uppermost SIC granophyre and the transitional quartz gabbro (Naldrett and Hewins, 1984; 
Ivanov and Deutsch, 1999; Therriault et al., 2002; Zieg and Marsh, 2005). Migration of the melt material 
along radial and concentric structures induced by the impact led to the formation of offset dykes with 
compositions around the quartz monzodiorite-granodiorite-tonalite transitions, representing the 
undifferentiated shock melt (Lightfoot et al., 2001; Tuchscherer and Spray, 2002; Ames et al., 2005). 
Offset structures occur as far as 30 km from the present SIC-footwall contact and appear either as 
generally continuous dykes of a few kilometres in length, or as discontinuous pods of igneous material 
(Murphy and Spray, 2002). A secondary pulse of magma intrusion in the offset structures is responsible 
for the formation of inclusion-rich quartz diorite dykes, which are potential hosts for Ni-Cu ore (offset-
type deposits) (Morris, 1982; Lightfoot et al., 1997). 
Underlying the Main Mass, the mixing zone of the downward propagating front of thermal 
erosion is represented by the “contact sublayer” and the “footwall breccia”. The former is a breccia-
textured unit of noritic matrix with inclusions of the adjacent footwall as well as exotic mafic to 
ultramafic rocks (Souch et al., 1969; Pattison, 1979; Naldrett et al., 1984; Lightfoot et al., 1997; Prevec et 
al., 2000; McCormick et al., 2002a), whereas the footwall breccia contains locally derived clasts in a 
felsic, igneous-textured matrix (Dressler, 1984c; Lakomy, 1990; McCormick et al., 2002a). The contact 
sublayer and footwall breccia dominantly occur as discontinuous layers along the SIC/footwall contact, 
but they reach a thickness of several hundred meters in “embayments” (Chapter 2.2) where they may be 
hosts of contact-type Ni-Cu(-PGE) deposits. 
As a result of multiple post-Sudbury structural modification events (Chapter 2.6) and erosion, the 
SIC units are exposed along the ca. 60 by 30 km deformed outline of the Sudbury Basin, and have an 
average thickness of ca. 2.5 km. 
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2.1.3 Hangingwall units – The Whitewater Group 
The Onaping Formation represents the modified fallback breccia unit of the Sudbury crater, which 
was partially consumed by the underlying melt sheet of the SIC after its deposition (Ames et al., 2008). 
Due to the continuous heat supply from beneath, interaction with downwards migrating seawater from 
above, and the ongoing structural modification caused by the stabilization process of the crater, the 
Onaping Formation developed a complex stratigraphy including pepperite units, autobreccia and vitric 
particle-rich horizons, as well as andesitic intrusions from its lower contact (e.g., Peredery and Morrison, 
1984; Gibbins, 1994; Mungall et al., 2004, Ames et al., 2002, 2008; Grieve et al., 2010). The Onaping 
Formation is overlain by the sedimentary units of the pelagic Onwatin and the turbiditic Chelmsford 
Formations (Rousell, 1984a). 
2.2 Impact-generated structures in the footwall 
The impact of the Sudbury bolide generated a shockwave that spread in the footwall resulting in 
micro- and macro-scale structural deformation. The most prominent micro-structural phenomena of 
this kind are planar deformation features in rock-forming quartz and plagioclase as well as kink banding 
of rock-forming biotite, which can be traced as far as 3 to 10 km from the footwall/SIC contact 
(Dressler, 1984c). Shatter cones, distributed in a radial pattern around the SIC, are macro-features 
developed in fine-grained metasediments (Dietz and Butler, 1964; Dressler, 1984c). 
Probably the most significant brittle features generated by the spreading shockwave in the footwall 
are the cataclastic to pseudotachylitic zones termed Sudbury Breccia (SDBX) (Dressler, 1984c; Peredery 
and Morrison, 1984; Thompson and Spray, 1994; Rousell et al., 2003), occurring in millimetre-wide 
veins to massive breccia belts several hundreds of meters wide. Proximity to the SIC, and thus, the 
degree of thermal metamorphism (Chapter 2.3) is reflected by a textural change of the dark, aphanitic 
matrix to a recrystallized, leucocratic matrix with diffuse, ductilly deformed felsic clasts (Rousell et al., 
2003), unofficially referred to as “cold” and “hot” breccia, respectively, by local mineral exploration 
geologists. “Hot” breccia with signs of anatexis and granophyric patches are prospective hosts to 
footwall-type Cu-(Ni-)PGE mineralization (Chapter 2.4.2). The abundance and volume of breccia 
occurrences decrease with distance from the contact; the farthest present known exposure of Sudbury 
Breccia is near Lake Temagami, 80 km northeast of the SIC (Simony, 1964). 
Large brittle structures attributed to crater formation, collapse and stabilization are best preserved 
in the North Range, as this area was least affected by post-Sudbury tectonic deformations (Chapter 2.6). 
“Embayment” structures are interpreted as slump terraces which occurred along the crater wall 
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(Morrison, 1984). Prominent brittle structures related to the crater formation and stabilization are the 
SE–NW and ENE–WSW striking faults that trend normal and parallel, respectively, to the SIC contact 
(Rousell, 1984b; Rousell et al., 1999). These marked topographic lineaments exhibit several hundreds of 
metres strike separation and a vertical displacement often exceeding 100 metres. Gravity-driven collapse 
of the Sudbury transient crater along concentric “superfaults” (Spray, 1997) is suggested to have 
reworked existing Sudbury Breccia bodies, resulting in a second generation of breccia units (Grieve, 
1994; Thompson and Spray, 1994; Spray, 1997; Lafrance et al., 2008). 
2.3 The thermal effect of the Sudbury Igneous Complex 
The voluminous mass of crystallizing impact melt sheet induced a number of thermal alteration 
features in the footwall, among which contact metamorphism was the earliest recognized. Observations 
on footwall rocks and Sudbury Breccia matrix (Dressler, 1984c; Coats and Snajdr, 1984; Hanley and 
Mungall, 2003; Boast and Spray, 2006) pointed out the existence of an up to 2 km wide contact aureole 
beneath the SIC, locally displaced and obscured by later tectonic processes. The complete metamorphic 
sequence comprises the proximal zone of anatexis and assimilation represented by footwall breccia units 
(ca. 25 m), followed by the pyroxene hornfels and hornblende hornfels facieses (up to 200–350 and 
600–1,100 m from the contact, respectively), and the distal albite-epidote hornfels facies. 
 Veins, pods and dykes of graphic-granophyric quartz-feldspar intergrowth cutting the Main Mass 
norite, footwall breccia, contact ore bodies and footwall rocks were reported from several locations in 
the Sudbury structure, with a suggested origin of partial melting associated with the high temperature 
zones of the contact aureole of the SIC (e.g., Collins, 1936; Davis, 1984; Dressler, 1984a, 1984c; 
Marshall et al., 1999). Detailed petrographic and fluid inclusion studies established these features as 
“footwall granophyres” (FWGR) that segregated by partial melting from the contact areas as well as in 
situ from footwall rocks at a temperature range of 650 to 800°C and in a ca. 1 to 2 kbar pressure regime 
(Molnár et al., 2001; Péntek et al., 2009). Segregation of a high salinity magmatic fluid at temperatures of 
400 to 650°C was revealed by microthermometric studies of miarolitic cavity-filling minerals, as well as 
the F-rich character of the rock-forming apatites (Molnár et al., 2001; Péntek et al., 2009). Recent 
studies pointed out that structures predefined by FWGR veins and/or the segregated magmatic fluids 
may have played a role in the formation of low-sulphide footwall deposits (Péntek et al., 2009, 2012; 
Hanley et al., 2011). 
Hydrothermal systems generated and driven by the heat of the crystallizing SIC were documented 
from units beneath and above the igneous complex (e.g., Farrow and Watkinson, 1992; Farrow, 1994; 
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Ames and Gibson, 1995; Ames et al., 1998). The characteristics of this system and its relationship to 
footwall-type Cu-(Ni-)PGE mineralization are presented in detail in Chapters 2.4.2 and 2.5. 
2.4 Ore deposits of the Sudbury structure 
With a history of mining looking back to more than a century, Sudbury is one of the world’s 
largest Ni camps, additionally producing significant amounts of Cu, Co, Pt, Pd, Au and Ag. About half 
of the past and present resources of Ni, Cu and PGE are hosted by contact deposits, whereas the rest is 
distributed among footwall and offset type deposits in an approximately equal manner (Ames et al., 
2008). Past-producing Zn-Pb-Cu-Ag hydrothermal massive sulphide occurrences are known from the 
sedimentary sequences overlying the SIC (Fig. 2.2; Ames and Farrow, 2007). 
Contact and footwall type deposits will be discussed in detail in the following sections; offset and 
hangingwall mineralization are irrelevant to the present study, and are, therefore, omitted from the 
description. 
Fig. 2.2 Location map of Ni-Cu-PGE and Zn-Pb-Cu deposits and occurrences in the Sudbury structure 
(after Ames and Farrow, 2007).
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2.4.1 Contact type Ni-Cu(-PGE) deposits 
Along the basal contact of the SIC, thickened units of contact sublayer and footwall breccia host 
significant amounts of Ni-Cu(-PGE) ore. The association of contact deposits with such lithological 
units is explained by segregation and gravitational settlement from the crystallizing SIC melt, which 
resulted in the accumulation of magmatic sulphides in “embayment” structures acting as physical traps 
(Keays and Lightfoot, 2004). The volume of the mineralization, therefore, is in strong correlation with 
the thickness of the overlying SIC units: above heavily mineralized embayment structures the thickness 
of the Main Mass exceeds 2.5 km (Keays and Lightfoot, 2004). 
Contact deposits are characterized by massive to semi-massive lenses, veins and disseminations of 
pyrrhotite, pentlandite, chalcopyrite and magnetite. The overall Cu/Ni ratio is approximately 0.7 with 
Pt+Pd+Au concentrations below 1 g/t, showing the Ni-rich and relatively PGE-poor nature of this ore 
type (Naldrett, 1984; Farrow and Lightfoot, 2002). Fractionation of the sulphide melt into a Ni-enriched 
sulphide liquid and a residual melt enriched in Cu, Pt and Pd causes the spatial diversity of many contact 
deposits, showing a gradual enrichment in Cu and PGE and depletion in Co, Ru, Ir and Os towards the 
footwall (e.g., Hawley, 1962; Kullerud et al., 1969; Naldrett, 1984; Naldrett et al., 1994; Ebel and 
Naldrett, 1996; Mungall et al., 2005; Mungall, 2007).   
2.4.2 Footwall Cu-(Ni-)PGE deposits 
In the past 20 years, the focus of scientific research and exploration in the Sudbury area turned 
more and more towards footwall deposits. Although smaller in volume than contact ore occurrences, 
what makes this type of deposits the object of industrial interest is the Cu- and PGE-rich character, 
thanks to which the Sudbury camp became the third largest PGE producer behind Bushveld and 
Noril’sk-Talnakh. 
These Cu-(Ni-)PGE deposits are hosted by the impact brecciated footwall in the thermally 
metamorphosed aureole of the SIC (Morrison et al., 1994). Based on quantitative and qualitative criteria, 
footwall deposits were recently subdivided into a “sharp-walled” and a “low-sulphide” subgroup 
(Farrow et al., 2005). A genetic link between the different types of footwall mineralization has been 
proposed by Farrow et al. (2005). According to this model, metal-enriched hydrothermal fluids 
migrating from the contact lost part of their initial metal content due to heat loss and fluid-rock 
interaction at an early stage of the evolution of the hydrothermal system. This resulted in the formation 
of low-sulphide mineralization with relatively high Pt/Pd ratios. At a later stage, decompression due to 
tectonic readjustment and development of dilatational structures caused an abrupt crystallization of 
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sulphides forming the sharp-walled vein systems. Occurrences containing significant volumes of both 
end-members are termed “hybrid” footwall systems. 
Sharp-walled footwall deposits represent the economically more important subtype with their up 
to several metres wide massive sulphide veins, which commonly have a strike length greater than 30 
metres, and are often oriented sub-parallel to the SIC contact (Farrow and Lightfoot, 2002; Ames and 
Farrow, 2007).The veins are chalcopyrite-dominated with variable amounts of accompanying pyrrhotite, 
pentlandite, cubanite, bornite, millerite and magnetite. Base metal ratios and precious metal tenors are 
considerably higher than those of contact deposits, with Cu/Ni ratios greater than 6.5 and average 
Pt+Pd+Au values above 7.7 g/t (Farrow and Lightfoot, 2002), whereas footwall deposits in general are 
characteristically poor in Ir, Rh and Os (Naldrett et al., 1999). Trace metals, including Ag, Bi, Te, As, Sn, 
Sb, Se, Pb, Zn, In and Cd, are associated with mineralized footwall environments, where they form 
precious metal, and, with Pd and Pt, platinum-group minerals, and are, therefore, considered to be 
pathfinder elements. A tendency of increasing Cu/Ni ratios with increasing distance from the SIC 
contact has been observed in many deposits (e.g., Morrison et al., 1994; Li et al., 1992; Kormos, 1999).  
Although the modal proportion of sulphides is greater than 80%, sharp-walled veins are 
surrounded by, and often terminate in, a quartz-hydrous silicate assemblage including epidote, 
amphibole and stilpnomelane among other gangue minerals (e.g., Farrow and Watkinson, 1992; Li and 
Naldrett, 1993a; Everest, 1999; Molnár et al., 2001).  
Low-sulphide footwall deposits are typified by disseminations, blebs and veinlets of chalcopyrite 
(±millerite, bornite and pyrite). A remarkable character to this kind of system is the overall low sulphide 
content (typically <5 modal%) accompanied by hydrous silicates, and the exceptionally high TPM 
tenors associated with the assemblage (Farrow et al., 2005). In fact, assemblages of low-sulphide 
mineralization often contain significant enrichment of precious metals even without the association of 
visible sulphides (Farrow et al., 2005), which underlines the necessity of detailed research on such 
assemblages. 
The best studied low-sulphide system is the McCreedy West PM deposit with its typical grades of 
1.0 wt% Cu, 0.3 wt% Ni, and 5–6 g/t Pt+Pd+Au (Farrow et al., 2005). It is hosted by a Sudbury 
Breccia zone and comprises sulphide veins typically less than 30 cm thick, stockworks and 
disseminations situated in the breccia matrix. The 148 and 109 FW zones of the Crean Hill Mine are 
new discoveries in the North and South Ranges, respectively (Gibson et al., 2010; Stewart and 
Lightfoot, 2010). How low-sulphide systems are considered as potential future sources for PGE 
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production (Ames et al., 2008) is well reflected in the significance of on-going exploration for such 
deposits all around the Sudbury basin.  
In contrast to the well-established magmatic models of contact deposit formation, there is still no 
consensus on the genesis of footwall sulphide occurrences. The genetic link between the two 
mineralized environments was suspected from as early as the discovery of footwall systems, as footwall 
ore bodies were found directly connected to contact deposits (Fig. 2.3, e.g., McCreedy West Mine: 
Everest, 1999). The extent of magmatic vs. hydrothermal processes in the genesis of footwall sulphide 
mineralization, however, is still under debate. Since the recognition of significant hydrothermal 
alteration associated with such systems (Farrow and Watkinson, 1992), two fundamentally different 
models were invoked. The magmatic model involved highly fractionated, thus Cu-PGE enriched, 
sulphide liquids segregating from the contact and intruding into the footwall, exsolving a hydrothermal 
fluid as a “by-product” (e.g., Naldrett et al., 1994, 1999; Li et al., 1992; Li and Naldrett, 1993b; Jago et 
al., 1994; Mungall, 2007). The fractionation trend resulting in Cu-PGE enrichment with proximity to the 
footwall, observed in contact deposits (Chapter 2.4.1), supports this model. Other studies emphasized 
the ore-forming capacity of hydrothermal processes (Farrow and Watkinson, 1996; Molnár et al., 1997, 
1999, 2001; Marshall et al., 1999; Watkinson, 1999), where high temperature, high salinity fluids 
(Chapter 2.5) driven by the heat of the SIC interact with pre-existing contact sulphides and remobilize 
metals (especially Cu and PGE). This enriched fluid then migrates into the footwall along structural 
pathways, typically Sudbury Breccia, and re-deposits metals where physico-chemical changes trigger a 
decrease in their solubility. 
Recent studies suggest that both models may be applicable in a way that the predominant process 
in formation of sharp-walled sulphide veins is the magmatic fractionation of the sulphide melt, whereas 
low-sulphide systems formed dominantly by hydrothermal processes (Lesher et al., 2009; Péntek et al., 
2009; Tuba et al., 2010/present study; Gibson et al., 2010; Nelles et al., 2010; Kjarsgaard and Ames, 
2010; Hanley et al., 2011).  
2.5 The hydrothermal alteration history of the Sudbury structure 
The heat of the cooling melt sheet triggered hydrothermal fluid circulation both above and 
beneath the SIC (Farrow and Watkinson, 1992; Ames and Gibson, 1995; Ames et al., 1998). Semi-
conformable zones including albite-quartz, actinolite chlorite, albite-K-feldspar and calcite-chlorite 
alteration types, as well as Zn-Pb-Cu ore deposits (Chapter 2.4) are known from the overlying Onaping 
16
CHAPTER 2 – GEOLOGY OF THE SUDBURY STRUCTURE 
  Fig. 2.3 See next page for captions. 
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Fig. 2.3 (Previous page) Schematic cross sections demonstrating the typical occurrences and spatial 
relationships of contact- and footwall-type deposits. (a) Contact deposits are located in embayment 
structures where they comprise massive sulphide bodies hosted by footwall breccia. Footwall ore 
occurrences are associated with massive Sudbury Breccia zones up to 1 km from the basal SIC contact 
(Broken Hammer zone). They may appear in continuation of contact deposits (McCreedy West Mine) or as 
isolated bodies (McCreedy East Mine, Capre 3000 zone). Low-sulphide systems typically occur as fringe 
mineralization to sharp-walled occurrences in hybrid footwall deposits (McCreedy East 148 zone and 153 
orebody) or form individual zones (PM zone). (After Davis, 2007.) (b) Schematic cross section of the 
Nickel Rim South deposit. Note the relationship of contact and footwall deposits, as well as the distribution 
of disseminated sulphides around the main footwall ore zone. (After McLean et al., 2005, and Ames and 
Farrow, 2007.)
Formation (Ames et al., 1998; Ames, 1999), whereas the same hydrothermal event produced a different 
style of mineral assemblage in the footwall. Arguments for hydrothermal processes having played a key 
role in the formation of footwall deposits involve mineralogical, geochemical and fluid inclusion 
microthermometric considerations. A hydrothermal silicate assemblage of poikilitic epidote, Ni-enriched 
amphibole and chlorite associated with platinum-group minerals is a well-documented paragenesis as 
selvages to sulphide veins and patches (e.g., Farrow and Watkinson, 1992, 1996, 1997; Li et al., 1992; Li 
and Naldrett, 1993a; Farrow, 1994; Molnár et al., 2001; Hanley and Mungall, 2003) as well as forming 
widespread and pervasive alteration zones within entire mineralized systems (Péntek et al., 2008; Tuba 
et al., 2010/present study). Fluid inclusion studies from the North and South Ranges revealed that 
sulphide minerals and silicates from the surrounding selvage host high-salinity (up to 60 wt%) polyphase 
fluid inclusions with multiple chloride phases as daughter minerals, and that mineralizing hydrothermal 
fluids had minimum temperatures of 300° to 500°C (Farrow and Watkinson, 1992; Li and Naldrett, 
1993a; Farrow et al., 1994; Molnár et al., 1997, 1999, 2001; Marshall et al., 1999; Hanley et al., 2005; 
Péntek et al., 2008). Halogen-rich alteration halos around contact and footwall deposits, as well as the 
presence of Cl-bearing minerals (ferropyrosmalite, biotite and amphibole) point toward fluid 
compositions high in halogens (Farrow and Watkinson, 1992, 1997; Jago et al., 1994; McCormick and 
McDonald, 1999; Molnár et al., 2001; McCormick et al., 2002b; Hanley and Mungall, 2003). For the 
parent solution, the mixing of several possible fluid sources was proposed, such as (1) saline Canadian 
Shield groundwater, (2) exsolved fluids from the SIC, (3) fluids exsolving from footwall granophyre 
bodies, (4) solutions exsolving from crystallizing sulphide liquids (e.g., Farrow et al., 1994; Marshall et 
al., 1999; McCormick and McDonald, 1999; Molnár et al., 1997, 1999, 2001; Hanley and Mungall, 2003; 
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Hanley et al., 2004; Péntek et al., 2009; Campos-Alvarez et al., 2010; Hanley et al., 2011). Molnár and 
Watkinson (2001) also suggested that Penokean metamorphic fluids might be one of the mixing agents 
specific for the South Range. 
At least three hydrothermal events postdating the Sudbury-related system are known from the 
Sudbury structure. An intermediate- to low-salinity, intermediate temperature (300°–350°C) carbonic-
aqueous fluid was described from the North and South Ranges, and is thought to be related to orogenic 
processes (Marshall et al., 1999; Molnár et al., 2001). A more voluminous event was possibly triggered 
by the emplacement of the 1.24 Ga Sudbury dike swarm, and involved Ca-rich saline fluids that reached 
maximum temperatures of 150° to 250°C (Marshall et al., 1999; Molnár et al., 2001). The youngest 
known hydrothermal event between 5 and 13 Ma with mobilization of Ca-rich “shield brines” was 
reported by Marshall et al. (1999). 
2.6 Post-impact structural deformation of the Sudbury structure 
The Sudbury Event coincided with an active phase of Penokean orogeny (1.89–1.83 Ga: Sims et 
al., 1989), therefore, the impact structure suffered constant NW–SE directed compression and 
deformation immediately after its formation. A series of tectonic events, such as the Mazatzal (1.7–1.6 
Ga: Bailey et al., 2004), the Chieflakean (ca. 1.45 Ga: Szentpéteri, 2009), and, presumably, the Grenville 
(ca. 1.0 Ga; Card et al., 1984) orogenies caused further deformation, especially in the South Range. The 
present ellipsoidal shape of the Sudbury structure, the highly variable azimuth and dip angle of the 
originally flat-lying SIC/footwall contact (Fig. 2.1), as well as the formation of the South Range Shear 
Zone are features caused by these tectonic events (Rousell, 1984b; Cowan and Schwerdtner, 1994; 
Riller, 2005). Structural modifications resulting in the curvature of the East Range may have been, at 
least to some degree, a consequence of the 37 Ma impact event revealed by a caldera structure that is 
currently filled by the Wanapitei Lake (Dence and Popelar, 1972; Winzer et al., 1976; Rousell, 1984b).
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Three exposures of footwall-type sulphide mineralization have been chosen as the focus of this 
study: the Southwest and South zones of the Wisner property and the Amy Lake PGE zone located in 
the Frost Lake area. Although these occurrences are presently sub-economic, the excellent exposure 
with a total area of over 7,400 m2 provided a unique opportunity to observe and document geological 
relationships through detailed mapping. For the sake of comparison, hydrothermal alteration features 
were also observed and, in some cases, sampled at several other, non-mineralized locations in the 
Sudbury structure (in Skynner Lake, Foy, Pele Mountain, Trill and Creighton South properties, as well 
as along Highway 144 near the Onaping-Levack turnoff) (Fig.3.1). 
Fig. 3.1 Location map of the studied areas indicating their surface extent and proximity to the basal SIC 
contact, as well as the presence or lack of footwall-style mineralization. (SIC: Sudbury Igneous Complex, 
SPP: Superior Province, STHP: Southern Province, WWG: Whitewater Group) 
3.1 The Southwest and South zones (Wisner property, North Range) 
The Wisner property at the eastern end of the North Range (Fig. 3.1) is located in the stratigraphic 
footwall of the Wisner embayment that exposes small, discontinuous bodies of  contact sublayer and 
footwall breccia hosting several contact-type Ni-Cu(-PGE) sulphide deposits (e.g., WD-16, WD-13 and  
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Fig. 3.2 See captions on next page.
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Fig. 3.2 (Previous page) Overview map indicating the distribution of contact- and footwall-style ore deposits 
and occurrences. (a) Geology of the Wisner property with special emphasis on the (b) Southwest and (c) 
South zones. (d) Geology of the Frost Lake area and (e) simplified geologic map of the Amy Lake PGE zone 
showing the studied surface exposures and distribution of low-sulphide mineralization. (Geology of the 
properties based on unpublished 1:2,000 scale maps by Wallbridge Mining Company Ltd.; units outside the 
property boundary are according to Ames et al., 2008.) 
Rapid River) (Fig. 3.2a). The area is dominantly underlain by impact brecciated units of felsic to 
intermediate gneiss, migmatite, and mafic bodies of the Levack Gneiss Complex, but quartz monzonite 
and late granite pegmatite dikes (up to several decimetres in width) of the Cartier Granite are also 
frequently exposed. Diabase dykes of the Matachewan swarm and units of the Wisner Gabbro related to 
the East Bull Lake suite represent the volumetrically most significant mafic intrusive rocks in the area.  
Sudbury Breccia zones mapped up to 2 km in length and 100 m in width developed a dominant 
strike of NW–SE, which is a frequent orientation followed by large fracture systems in the North 
Range, including the Wisner area (Rousell, 1984b). A ca. 300-m apparent sinistral displacement of the 
SIC was documented along one of these faults at the western margin of the Southwest zone (Fig. 3.2a, 
Fig. 3.3a). Another dominant orientation of brittle structures is SW–NE, locally accompanied by 
sulphide veins in the Broken Hammer area (Péntek et al., 2008). Both structural orientations are 
attributed to the formation and post-impact stabilization of the Sudbury structure (Rousell, 1984b; 
Rousell et al., 1999). 
The Wisner property contains several footwall-type Cu-(Ni-)PGE showings (Figs. 3.2a to c). The 
hybrid Broken Hammer zone represents the most significant occurrence to date (Péntek et al., 2008) 
with an estimated total inferred resource of 251,000 t of ore grading 3.80 g/t TPM, 1.00 wt% Cu, and 
0.11 wt% Ni. Scattered indications of mineralization have been known in the Southwest zone since 
2003, but the main zone of sulphide occurrence at the Blast trench was exposed only in 2006. Footwall 
mineralization in the South zone was discovered in 2002. 
The Southwest zone consists of four trenches situated at the southwestern corner of the property, 
approximately 100–200 m north of the SIC contact (Fig. 3.2b). The Blast trench exposes brecciated 
Levack Gneiss and thermally metamorphosed Sudbury Breccia with ductilly deformed clasts (Fig. 3.3b). 
NW–SE oriented veinlets of FWGR cut both units. Cu-(Ni-)PGE mineralization is manifested by 
sulphide disseminations and veinlets reaching the greatest abundance at the northeastern, most 
brecciated and fractured part of the outcrop (Figs. 3.3c, Fig. 3.4). Hydrothermal alteration is most 
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Fig. 3.3 Structural features of the Wisner area. (a) Face of the NW–SE trending fault at the western 
boundary of the Wisner area. At this location the structure offsets SIC norite by ca. 300 m, and marks a 
70 m difference in elevation. (b) Sulphide dissemination, ductilly deformed clasts and FWGR veinlet in 
Sudbury Breccia. (Blast trench, Wisner Southwest zone) (c) NW–SE trending fracture zone and 
associated sulphide occurrence in the Blast trench.
 
23
CHAPTER 3 – GEOLOGY OF THE STUDIED AREAS 
Fig. 3.4 Simplified geologic and alteration map of the Blast trench indicating the hydrothermally most 
altered area, where the volume of Sudbury Breccia is also the greatest. (Geology after 1:100 scale 
unpublished trench map by Wallbridge Mining Company Ltd.) 
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intense in this area, as revealed by the abundance of amphibole and epidote veins. The Bear, Flat Tire 
and Rory trenches expose gneissic granite, quartz monzonite containing occasional Levack Gneiss 
inclusions, and Matachewan diabase. Ductilly deformed Sudbury Breccia appears in the Bear and Flat 
Tire trenches as dykes with orientations of roughly NW–SE and SW–NE, and with weak disseminations 
of sulphides. The strong hydrothermal overprint is dominated by epidote-quartz veins and metasomatic 
zones in these three trenches.  
The South zone trenches, situated 500 m northwest of the Rapid River contact deposit, comprise 
rock units similar to the Southwest zone (Fig. 3.2c). Dominant host rocks are quartz monzonite and 
granite pegmatite with occasional fragments of Levack Gneiss. The trenches expose a NW–SE trending 
Sudbury Breccia zone hosting disseminated and/or patchy to semi-massive Cu-(Ni-)PGE 
mineralization. Several centimetres thick massive sulphide veins cut monzonite and gabbro in the East 
and part of the West trenches, but mineralization is dominantly focused on the brecciated parts of the 
East trench. Sudbury Breccia and FWGR veins have similar characteristics to those in the Southwest 
zone. Hydrothermal features, particularly epidote veins and metasomatic zones, are frequent in all South 
zone outcrops.   
3.2 The Amy Lake PGE zone (Frost Lake property, East Range) 
The Frost Lake property is situated in the East Range footwall to the SIC (Fig. 3.1), and has 
geological attributes similar to those of the Wisner area. It is dominantly underlain by gneissic rocks of 
the Levack Gneiss Complex, intruded by granitoids of the Cartier Batholith and several generations of 
mafic Proterozoic dykes. The area exposes sections of the fairly continuous East Range Breccia Belt, 
which is interpreted to dip steeply to the west, sub-parallel to the basal contact of the SIC. Thermal 
overprinting on footwall rocks and Sudbury Breccia as well as the abundance of FWGR units in the 
property follow a crudely gradational “cooling” outwards from the footwall contact.  
Several hundred metres west of the property, the basal SIC contact has been folded and faulted 
into a deformed unit striking south along its northern section and curving towards the southeast along 
its southern extent (Rousell, 1984b). A continuous sublayer with a strike length of at least 15 km and 
thickness between 20 and 300 m occurs from the Podolsky Mine, north of the Frost Lake property, to 
the Nickel Rim Mine, south of the area. All units in the East Range are cross-cut by several northwest 
trending olivine diabase dykes of the 1250 ± 50 Ma Sudbury swarm (Dressler, 1984a). 
The Amy Lake PGE zone is situated in an approximately 300 to 600 m lateral distance from the 
SIC/footwall contact hosting the Capre contact deposit. It is developed in a 100-m-wide NW trending 
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Sudbury Breccia zone referred to as the Amy Lake Breccia Belt (Figs. 3.2d and e). The present known 
length of this breccia zone is about 2.5 km, and it also hosts the subsurface Capre 3000 footwall deposit 
southeast of the Amy Lake zone (Davis, 2007; Stewart and Lightfoot, 2010). Brecciated footwall rocks 
in the area include mafic-intermediate Levack Gneiss, Cartier Granite, as well as gabbro and diabase of 
debated origin (presumably Matachewan and East Bull Lake intrusive units). Thermal metamorphism 
and partial melting is manifested by numerous FWGR dykes and in situ melt pockets cutting the 
footwall units and Sudbury Breccia; the felsic clasts in breccia matrix itself are partially melted and 
ductilly deformed. 
A large, NW–SE trending structural lineament, the Bay Fault zone, runs in the Amy Lake Breccia 
Belt, and can be traced as generally normal faults and jointing dipping 50° to northeast on average. The 
Amy Lake trenches, stripped in 2005 and 2010, expose both central and marginal zones of the fault 
zone (Fig. 3.2e) and are, therefore, characterized by different fracture patterns. Most trenches are 
located in the main zone, and expose one or more major fracture zones oriented similarly to the Bay 
Fault (Fig. 3.5a and b). In contrast, in the 2010 and East trenches, which are located in a marginal 
position of the fault zone, only few NW–SE trending joints occur. The Bay Fault is truncated by the 
roughly N–S trending Amy Lake Fault, which sinistrally displaces the SIC by several hundred metres on 
the surface, and is considered to be a syn-Sudbury structure. Overprinting these structures, SW–NE 
trending, near-vertical fractures with a lateral component to their offset (Fig. 3.5c) are uniformly 
abundant in all trenches. Rare evidence of reactivation and lateral movement of a few decimetres along 
parts of the Bay Fault was observed in the L400 and L150 trenches. The reactivation seems to post-date 
the SW–NE structures but has an overall low importance. Hydrothermal alteration assemblages are 
frequent and diverse throughout the Amy Lake zone.  
3.3 Other studied areas used for comparison 
3.3.1 East Range: Skynner Lake 
The Skynner Lake property (Fig. 3.1) has very similar geology to that of the Amy Lake area: it is 
underlain by gneissic and granitoid rocks (of the Levack Gneiss Complex and Cartier Batholith, 
respectively) intruded by Matachewan and Nipissing mafic suites. Sudbury Breccia shows signs of 
moderate thermal overprint in areas proximal to the contact, which is located approximately 400 m west 
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Fig. 3.5 Characteristic structures of the Amy Lake PGE zone. (a) Marked fault zones and (b) densely 
packed joints appear in trenches exposing the main fault zone. (South and L100 trenches, respectively.) 
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3.3.2 North Range: Foy, Pele Mountain and Trill properties, and SIC units along Highway 144 
The Foy property is located approximately 0.4 to 2.5 km north of the present day SIC/footwall 
contact, east of the Sandcherry Creek Fault and south of the Foy offset dyke (Fig. 3.1). The southern 
third of the property is underlain by intermediate to felsic gneiss units of the Levack Complex, 
containing a zone of partially melted rocks in the southwest section. The abundance of FWGR in this 
zone implies that the pre-erosional contact may have been very close above the present level of the Foy 
area. The northern two thirds of the property dominantly expose Cartier Granite. Sudbury Breccia is 
abundant and shows slight thermal metamorphism in the southern areas. 
  The southern boundary of the Pele Mountain property lies as far as 4 km north of the present 
contact (Fig. 3.1). The area is dominated by quartz monzonitic to granodioritic units of the Cartier 
Batholith, occasionally hosting inclusions of Levack Gneiss, and cut by Matachewan diabase dykes and 
Nipissing intrusives. All footwall units are cut by zones of “cold” Sudbury Breccia. 
   The Trill property (Fig. 3.1) has a general geology very similar to that of the Foy and Pele 
Mountain properties. The area of focus lies about 3 km west of the SIC contact, and exposes two large 
outcrops of hydrothermally altered, massive Sudbury Breccia with a total surface area over 34,000 m2. 
The breccia has an aphanitic, glassy matrix hosting monzonite (of the Cartier Batholith) and 
Matachewan diabase clasts of variable sizes ranging from a few millimetres to up to 5 metres in 
diameter. No signs of thermal metamorphism were observed. The contact of the breccia zone to intact 
host rocks is either gradual or tectonic along SW–NE and NW–SE trending fractures (Fig. 3.6). A NW–
SE striking fault zone cuts through the southern portion of the northern outcrop. 
Hydrothermal features overprinting SIC granophyre were investigated along Highway 144 south 
of the Onaping-Levack turnoff (Fig. 3.1). The granophyre is a pinkish, felsic rock comprising 
dominantly of micrographic feldspar-quartz intergrowth accompanied by minor plagioclase as well as 
biotite, amphibole, chlorite and opaque accessory phases. 
Contact areas in the vicinities of aforementioned properties do not host significant Ni-Cu 
mineralization to our present knowledge. 
3.3.3 South Range: Creighton South 
The Creighton South property is situated approximately 3 km of the Creighton Mine (Fig. 3.1). It 
exposes granite and quartz monzonite of the Creighton Pluton in the northern half, and mafic and felsic 
volcanic and sedimentary rocks of the Huronian Supergroup in the southern portion. Sudbury Breccia is 
particularly common along the contact of these two units, forming a zone locally referred to as the 
28
CHAPTER 3 – GEOLOGY OF THE STUDIED AREAS 
29
O’Donnell Breccia Belt. Two phases of Sudbury Breccia are present in the area: a light grey, siliceous 
phase, and a dark, biotite-rich phase intruding it. 
Fig. 3.6 Geology of the studied Trill outcrops. (Coordinates in UTM zone 17, NAD 27 for Canada.)
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CHAPTER 4 – PETROGRAPHIC CHARACTERIZATION AND DISTRIBUTION OF HYDROTHERMAL 
ALTERATION AND VEIN ASSEMBLAGES 
Due to the superimposition of numerous hydrothermal events on footwall units and on each 
other, alteration features associated with the Sudbury mineralization may be obscured by several other 
mineral assemblages, often similar in composition and larger in volume. An important aim of this study 
was, therefore, to thoroughly characterize these parageneses, aiding their classification and distinction 
from each other. The detailed description of alteration types presented below is based on observations 
in the Wisner Southwest and South zones, as well as in the Amy Lake PGE zone, whereas Chapter 4.8 
documents occurrences of these hydrothermal assemblages at other locations in the Sudbury structure. 
Table A1 summarizes the most important physical and chemical properties of all observed 
hydrothermal assemblages. 
4.1 Hydrothermal mineral assemblages related to footwall granophyres: FWGR-associated 
epidote-amphibole alteration 
The extensive distribution of FWGR veins in the Wisner and Amy Lake zones as well as their 
mineralogy and affinity to host sulphide mineralization were documented by Péntek et al. (2009). 
Evidence of partial melting is present in the studied areas, typified by ductile deformation of felsic clasts 
in Sudbury Breccia, development of graphic to granophyric textures in patches within those clasts and 
felsic footwall units, and formation of FWGR pods and veins cutting all footwall rock types and 
Sudbury Breccia matrix (Chapter 3). FWGR contains abundant miarolitic cavities up to 5 cm in 
diameter (Fig. 4.1a). Based on the detailed study of Péntek (2009), the mineral assemblage filling these 
cavities is dominated by quartz, albite and K-feldspar, as well as allanite, REE-epidote and epidote 
(often forming a corona around allanite), Ni-rich amphibole and titanite, and contains minor to trace 
zircon and apatite. 
A hydrothermal alteration was observed in relation to FWGR occurrences, which shows marked 
textural and compositional similarities to the hydrous silicate assemblage of the miarolitic cavities. This 
mineral assemblage either occurs (1) at the termination of FWGR veinlets (“hydrothermal tail”, Fig. 
4.1b), or (2) forming cm- to metre-scale zones of pervasive alteration (Figs. 4.1c and d) and (3) 
individual veins typically a few centimetres in width (Fig. 4.1e). Pervasive zones may form a halo around 
FWGR veins (Figs. 4.1b and c) but frequently occur physically detached from them (Fig. 4.1d), whereas 
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Fig. 4.1 Continued on next page. 
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Fig. 4.1 (Continued from previous page.) Characteristic macro- and microtextures of FWGR-associated 
alteration assemblages. (a) Miarolitic cavities filled by hydrous silicates and quartz. (b) “Hydrothermal 
tail” and pervasive epidote-amphibole halo at the termination of a FWGR veinlet. (c) Pervasive epidote-
amphibole assemblage along a thin FWGR veinlet. Note the greyish-white alteration halo. (d) Pervasive 
epidote-amphibole assemblage in Sudbury Breccia with extensive actinolitic alteration halo. (e) FWGR-
associated epidote vein in diabase with a proximal actinolitic and a wide distal halo of recrystallized 
feldspar. (f) Photomicrograph of blocky epidote crystals comprising a relatively homogeneous core and a 
heavily zoned rim, a typical microscopic feature of this assemblage. (g) BE image of allanite cores 
overgrown by epidote coronas (ep1) and superimposed by late epidote (ep2). (h) Allanite with a core of 
undetermined silicate mix and thorite (th) inclusions, superimposed by late epidote veinlets (ep2). (i) BE 
image of chalcopyrite mass eliminating the dendritic texture of the unique mushketovite-epidote 
assemblage observed in the Wisner South zone. Bright areas in sulphide are PGM and other precious 
metal minerals. (j) Photomicrograph of poikilitic epidote replacing the mushketovite-epidote assemblage 
along the vein margin. 
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veins were only observed in isolation. A typical textural feature of the alteration is the composite halo 
comprising a proximal actinolitic and a distal recrystallized feldspar zone in mafic rocks. In 
“hydrothermal tails” as well as pervasive zones in mafic units, the dominant coarse-grained, prismatic 
epidote (Fig. 4.1f) is accompanied by up to 30% actinolite and minor amounts (<5 %) of quartz; 
however, the opposite ratio in the assemblage is observed in granitoid hosts. Epidote commonly rims 
allanite (Fig. 4.1g), which may have a decomposed core of an undetermined mixture of silicate minerals 
and micron-sized thorite (Fig. 4.1h). Millerite with trace amounts of chalcopyrite, if present, is 
disseminated in the silicate assemblage. 
Isolated veins have a slightly different mineral assemblage. Actinolite is only significant in the 
alteration halo, but coarse-grained titanite is present intergrown with vein-filling epidote. Allanite is 
extremely rare and the amount of quartz is insignificant. Sulphide minerals were not observed. No such 
veins were found in granite; hence the compositional dependence on host rock is unknown. 
A mineral assemblage identical to that of sulphide-silicate alteration (Chapter 4.3) was reported in 
association with FWGR veins by Péntek et al. (2012) from the studied areas. The mineral assemblage 
occurs either corroding the central parts of the veins and miarolitic cavities, or as “hydrothermal tails”, 
where gradual transition from the granophyric matrix to the hydrothermal assemblage was also 
observed in a few instances beside replacive textures. 
In the Wisner South zone, a unique magnetite-epidote-sulphide assemblage developed in 
continuation of a set of FWGR veins. This “hydrothermal tail” is dominated by magnetite 
pseudomorphs after platy hematite (mushketovite) up to 1 cm in length, and epidote appearing 
interstitial to the dendritic magnetite. Inclusions of chalcopyrite, PGM and other trace metal minerals 
are aligned along the long axis of mushketovite. Millerite and pyrite containing euhedral magnetite 
corrode the mushketovite-epidote assemblage, and are, in turn, replaced by chalcopyrite (Fig. 4.1i). 
Poikilitic epidote (Chapter 4.3) accompanies the sulphide mass and replaces the dendritic magnetite 
along the margins of the vein (Fig. 4.1j). Polydymite is a secondary mineral replacing millerite. 
4.2 Extensional veins and associated host-rock alteration 
Extensional veins are typified by an insignificant lateral offset and a syn-tectonic, antitaxial 
infilling, the composition of which is strongly dependent on the host rock type. Based on the dominant 
mineral assemblage, several types of extensional veins can be distinguished, including (1) amphibole 
veins, (2) epidote-quartz veins, (3) quartz veins, and (4) fractures with sericitic-silicic alteration halos. All 
of these veins are typically mm to cm wide. 
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Fig. 4.2 Characteristic macro- and microtextures and mineral assemblages of extensional veins. (a) 
Antitaxial vein-filling of fibrous amphibole. (b) Typical minor and trace mineral association of amphibole 
veins. (c) Extensional amphibole vein cutting Sudbury Breccia. The white alteration halo is composed of 
recrystallized feldspar, similarly to the distal alteration halo of FWGR-associated epidote veins. (Continued 
on next page.) 
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Fig. 4.2 continued (d) Extensional epidote-quartz vein in 
quartz-monzonite. Continued growth of rock-forming 
quartz into the vein (indicated by arrows) and the 
oblique elongation of crystals relative to the wall are 
typical macrotextural features indicating antitaxial vein 
formation contemporary to transtensional movement. 
(e) Bent epidote crystals, indicative for syn-tectonic vein 
formation, in an extensional vein. (f) Type I quartz vein 
with pale green alteration halo. (g) Fracture with intense 
sericitic-silicic halo and missing vein material. (h) 
Pseudomorph of quartz and epidote after pyrite in the 
sericitic-silicic alteration halo. (i) Sericitic-silicic alteration associated with a fracture zone of the Bay 
Fault. Note that FWGR outside the fracture zone is pristine. 
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Amphibole veins appear dominantly in mafic host rocks and contain up to 95% fibrous amphibole 
intergrown with minor amounts of titanite (Fig. 4.2a). Epidote, if present, is either intergrown with 
amphibole as euhedral and/or subhedral crystals or, more frequently, appears in poikilitic texture 
hosting chalcopyrite in interstitial position to the amphibole (Fig. 4.2b). Trace amounts of interstitial K-
feldspar, quartz as well as variable amounts (up to 10%) of disseminated chalcopyrite are occasionally 
observed. Amphibole veins exhibit a characteristic white alteration halo of recrystallized albitic feldspars 
(Fig. 4.2c), identical to the distal halo of the FWGR-associated epidote veins.     
Extensional epidote-quartz veins are associated with intermediate to felsic rocks and are typified 
by the coeval appearance of coarse-grained euhedral epidote (Figs. 4.2d and e) and quartz with minor to 
trace amounts of chlorite and occasional albite. Sulphide minerals have not been observed in the vein 
assemblage. 
Extensional (type I) quartz veins are dominantly found in felsic units and have a generally 
monomineralic composition but are occasionally chalcopyrite-bearing. Chlorite, actinolite and epidote 
are common trace minerals of the assemblage. Sericite-chlorite alteration of the adjacent host rock may 
be present along the veins (Fig. 4.2f). 
Fractures with sericitic-silicic alteration halos are concentrated in the Bear trench and its vicinity in 
the Wisner Southwest zone. The up to 15 cm wide, greenish-rusty alteration halos are composed of 
quartz and epidote replacing disseminated pyrite, embedded in a pervasive mass of sericite(-muscovite) 
and quartz (Figs. 4.2g and h). The vein-filling material is completely leached except for rare traces of 
weathered pyrite and chalcopyrite. Similar alteration was observed associated with fracture zones in the 
Bear trench and in the Amy Lake area (Fig. 4.2i). 
4.3 Sulphide-silicate assemblage 
Footwall-type sulphide mineralization was observed in the whole extent of the Amy Lake PGE 
zone excluding the East and L100 trenches, whereas the main mineralized areas are exposed in the Blast 
and East trenches in the Wisner Southwest and South zones, respectively. Less significant amounts of 
sulphides were also found in other trenches. 
Sulphide minerals in all studied areas appear most commonly in disseminated to patchy texture, 
and form short (30–50 cm long), S-shaped massive to semi-massive sulphide veins only rarely (Figs. 4.3a 
and b). In the Amy Lake PGE zone, millerite is most abundant in the northern area (2010, L400 and 
L150 trenches), and is associated with octahedral pyrite occurring both as small inclusions lined up 
along its twinning planes (Figs. 4.3c and d) and as disseminated octahedral crystals several millimetres in  
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Fig. 4.3 Characteristic macro- and microtextures of the sulphide-silicate assemblage. (a) Massive 
sulphide veins are typified by short length and irregular shape. (b) Close-up of a sulphide vein. Note 
irregular shape and diffuse halo in the host rock. (c) and (d) Photomicrograph of euhedral to subhedral 
pyrite situated along twinning planes of millerite in the Amy Lake zone. (c: 1N, d: 2N) (e) Chalcopyrite 
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size. The millerite-pyrite intergrowth is replaced by chalcopyrite (Fig. 4.3e). In the Wisner showings, the 
main sulphide phases are chalcopyrite and millerite, with octahedral pyrite being only locally abundant in 
the South zone. Sphalerite is especially common in the Southwest zone, where chalcopyrite also hosts 
skeletal remnants of pentlandite and patches of pyrrhotite (Fig. 4.3f). 
Unspecific to the location, sulphide assemblages are surrounded by extensive hydrous silicate 
selvages, which are readily recognizable macroscopically (Figs. 4.4a and b). The most prominent 
representative of this silicate assemblage is the poikilitic epidote-chalcopyrite intergrowth, which was 
found to be a characteristic texture of this type of alteration only. Due to the presence of abundant 
opaque inclusions (dominantly chalcopyrite, accompanied by galena and PGM; Chapter 5.1) and 
surrounding sulphide grains, xenomorph epidote appears rounded and “spongy” (Figs. 4.4c and d) in 
thin section. Euhedral amphibole is an important constituent in the silicate selvage (Fig. 4.4e), whereas 
euhedral chlorite was only observed occasionally and in trace amounts. Rock-forming quartz commonly 
develops recrystallized areas in contact with the alteration assemblage, which are thus clear and fluid 
inclusion-poor as opposed to the original, cloudy quartz containing a large number of fluid inclusions.      
Epidote and amphibole are not restricted to the silicate selvage but also occur in the central 
sulphide mass, although in lesser amounts. Sulphide and silicate minerals generally form equilibrium 
textures. Partial replacement of silicates by chalcopyrite along cleavage planes and micro-cracks was 
observed in a few cases (Fig. 4.4f), but in the same samples euhedral actinolite and epidote grains 
marking growth zones in sulphide minerals (Fig. 4.4g) provide evidence for coeval precipitation. 
Replacement of the silicate selvage by the sulphide mass was never observed. There is a generally 
gradational shift of sulphide-silicate volume ratios from the sulphide-dominated centres to the silicate-
rich margins. 
4.4 Shear-type epidote-quartz veins 
Shear zones filled with epidote represent by far the most frequent hydrothermal veining in the 
studied areas. Unlike the extensional veins, shear-type assemblages appear in zones and swarms of 
branching and interlocking veins (Fig. 4.5) exhibiting varying width along strike in the range of several 
millimetres to 50 cm. Pervasive alteration of the host rock by epidote is common in these zones. 
The veins are dominated by fine- to medium-grained epidote with variable amounts of quartz, 
chlorite, and occasional hematite. Trace chalcopyrite appears where veins cut diabase; otherwise the vein 
mineralogy is independent of host rock composition. Occasional occurrences of shear-type assemblages  
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Fig. 4.4 Characteristic macro- and microtextures of hydrous silicate selvages associated with sulphide-
silicate assemblages. Hand specimens from the (a) Wisner Southwest zone and (b) Amy Lake PGE zone 
showing typical silicate selvages surrounding sulphide patches. (c) Photomicrograph of a sulphide patch 
and associated silicate selvage composed dominantly of poikilitic epidote. (d) Photomicrograph of 
poikilitic epidote. The “spongy” texture and patchy zonation of the epidote crystals are characteristic 
features of the Sudbury-related sulphide-silicate assemblage. (e) Euhedral amphibole and poikilitic 
epidote accompanying sulphide dissemination. (Continued on next page.) 
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Fig. 4.4 continued (f) Chalcopyrite replacing amphiboles along cleavage planes (Wisner Southwest zone). 
(g) Textural relationship of silicate and sulphide minerals. The sulphide mass replaces chalcopyrite-
bearing poikilitic epidote but also contains silicate inclusions along growth zones. 
Fig. 4.5 Typical occurrence of shear-type epidote-quartz veins. (a) Parallel shear-type veins commonly 
form several metres wide zones (L400 trench). (b) Swarms of branching and interlocking veins are typical 
of the mineral assemblage, whereas isolated, single veins are rarely observed. (Veins are outlined for the 
sake of better visibility.)  
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Fig. 4.6 Typical macro- and microtextural features of shear-type epidote-quartz veins. (a) and (b) Breccia 
texture. Epidote constitutes the fine-grained mass in which clasts of the host rock are enclosed. (c) and 
(d)  Angular zone of metasomatic epidote. Note abrupt margin defined by a shear-type microvein. (e) 
and (f) Well-developed Riedel structures can be used to establish the sense of movement in 
homogeneous rocks where the offset is otherwise not visible. A fine- (f/g) and a coarser-grained (c/g) 
epidote fraction are common in this texture group. (Continued on next page.)  
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Fig. 4.6 continued (g) Individual veins most commonly exhibit fluidal textures and varying width. Although 
they occasionally show extensional features (h), the fine-grained margin indicates shearing. 
Fig. 4.7 Idealized sketch demonstrating the 
relationship of different textures of shear-type 
epidote-quartz veining. 1 - breccia texture, 2 - 
mesh texture (breccia texture with metasomatic 
epidote patches), 3 - metasomatic epidote, 4 - 
irregular vein, 5 - Riedel texture. The texture types 
appear both at macro- and micro-scales. 
composed entirely of chlorite were observed at Amy Lake. Apart from rare hematite or chlorite staining 
in the adjacent host rocks, there is no significant alteration halo associated with shear-type veins. 
Although extremely diverse, shear-type epidote-quartz veins show characteristic textures 
facilitating the distinction from the extensional group. Breccia-textured veins contain angular host-rock 
fragments in a fine-grained epidote-chlorite matrix (Figs. 4.6a and b). Pervasively altered zones of the 
host rock, in which rock-forming feldspars are replaced by epidote, are associated with vein swarms and 
have abrupt margins defined by individual veins, sometimes only visible on the microscopic scale (Figs. 
4.6c and d). Disseminated pyrite (up to 5%) commonly accompanies these metasomatic epidote zones. 
Fine-grained (<50 m) epidote cutting coarser (~100–300 m) epidote is typical for swarms and veins 
exhibiting Riedel structures (Figs. 4.6e and f). Individual shear-type veins (Fig. 4.6g) have a fluidal  
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texture and exhibit fine shearing along their margins. Syntaxial fibrous epidote reflecting an extensional 
component in the fracturing may also be present (Fig. 4.6h). 
Aforementioned texture types are end-members which commonly appear spatially related within 
the same swarm (Fig. 4.7). Despite the diversity in texture, all shear-type veins or zones exhibit (1) at 
least several centimetres of lateral offset, (2) shear-related structures on the macro- or micro-scale (e.g., 
Riedel structures), and (3) generally invariable mineral assemblage dominated by fine- to medium-
grained epidote. 
4.5 Calcite-chlorite alteration 
Patchy to vein occurrences of a calcite-chlorite assemblage were observed in both the Wisner and 
the Amy Lake trenches. The alteration is widespread but is mostly on the microscopic scale with 
millimetre-sized veinlets being uncommon. It is typified by replacive calcite accompanied by minor 
euhedral chlorite (Fig. 4.8a).      
4.6 Local alteration in the Wisner Southwest zone  
Monomineralic (type II) quartz veins with trace chlorite and a lateral offset of a few centimetres 
were observed locally in the Bear trench. Hydrothermal breccia with a blocky to prismatic (type III) 
quartz matrix (Fig. 4.8b) was found exclusively in the Rory trench. Both quartz types exhibit 
macroscopically visible growth zonation composed of alternating fluid inclusion-rich and -poor zones 
(Fig. 4.8c). 
In the Blast trench, the Sudbury-related sulphide assemblage is overprinted by a low-temperature 
paragenesis consisting of pyrite and bravoite in alternating zones, as well as magnetite and marcasite 
(Fig. 4.8d). The alteration was only observed in a few samples and on a microscopic scale.    
4.7 Orientation and field relationships of the alteration types  
The relative timing of aforementioned hydrothermal alteration groups (Fig. 4.9) was inferred by 
cross-cutting and replacement relationships observed during field and petrographic studies. All 
hydrothermal vein and alteration types overprint Sudbury Breccia and/or FWGR, and are, therefore, 
post-impact in origin. 
Pods and stringers of FWGR with miarolitic cavities are consistently widespread in the Amy Lake 
zone and its vicinity, unrelated to their location in the Bay Fault zone. Similarly, pervasive and vein 
FWGR-associated epidote-amphibole assemblages are equally abundant in the main fracture zone and 
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Fig. 4.8 Mineral compositions and textures of calcite-chlorite and other, locally abundant alteration 
assemblages. (a) Calcite-chlorite alteration overprinted on a shear-type epidote-quartz vein. (b) 
Hydrothermal breccia with (type III) quartz matrix and Sudbury Breccia clasts. (c) Growth zonation in 
type III blocky quartz, marked by fluid inclusion-rich and –poor growth zones. (d) Pyrite-bravoite-
marcasite assemblage replacing the Sudbury-related sulphides in the Blast trench. Magnetite is associated 
with pyrite and is thought to be secondary of origin. 
in its marginal areas. However, the direction of FWGR-associated epidote veins seems to be affected by 
the Bay Fault in that within the main fracture zone the veins are parallel to the fault, as opposed to the 
marginal areas where they follow local orientations (Fig. 4.10) Because the direction of FWGR veinlets 
does not follow the Bay Fault even in the main fracture zone (Péntek et al., 2009), it can be 
hypothesized that the Bay Fault was developed after partial melting and the mobilization of melt along 
local fractures took place, but before the formation of FWGR-associated epidote veins completed. 
The extensional veins lack evidence of reactivation and are likely of similar age. In both the Wisner 
and Amy Lake zones, the dominantly NNW–SSE to NW–SE orientation of these veins reflects the 
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Fig. 4.9 Paragenetic sequence of alteration assemblages established by field and textural relations. 
Alteration groups marked by asterisk were only locally observed. For detailed explanation see Chapters 
4.6 and 4.7. 
direction of large-scale impact-induced faults (Fig. 4.10). This relationship is especially well observed in 
the Amy Lake area, where trenches located in the main fault zone exhibit dense extensional veins with 
constant NW–SE orientation and an average width of several millimetres, whereas outcrops in marginal 
position with only weak fracture zones associated with the Bay Fault expose infrequent, thin veins with 
scattered orientation. The abundance of extensional veins increases towards mineralized areas. 
Spatial distribution of extensional veins with different types of mineral infilling is a function of the 
host rock composition (Chapter 4.2): actinolite appears in mafic-intermediate units, intermediate rocks 
host epidote veins with variable amounts of quartz, and quartz veins are found in felsic rocks (Fig. 
4.11a). Extensional veins cutting heterogeneous host rocks exhibit this change in infilling material even 
on the centimetre scale. 
The lack of cross-cutting evidence, partly due to the missing vein material and the condensed 
distribution, of fractures with sericitic-silicic alteration halo disables the establishment of temporal 
relationships with other mineral assemblages. However, their spatial affinity to impact-related structures 
and identical orientation to those suggests a relative age similar to that of the filled extensional veins. 
Sulphide-silicate assemblages have a strong tendency to appear in NW–SE fracture zones, and are 
restricted to mafic-intermediate host rocks and Sudbury Breccia matrix (Fig. 4.11b). 
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Fig. 4.10 Orientation of vein assemblages observed in the Wisner and Amy Lake trenches with a 
summary of orientations exhibited by the most significant vein types. (Sufficient dip angle data could not 
be acquired from the Wisner areas due to the scarce three-dimensional exposure in the trenches, 
therefore only strikes are indicated.) (Continued on next page.) 
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Fig. 4.10 continued 
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Fig. 4.11 Distribution of the sulphide-silicate 
assemblage and extensional veins as a function 
of host rock and fracture pattern; the example of 
the Amy Lake zone. (a) Mineralogical variation 
in extensional vein assemblages governed by 
host rock composition. Vein density is highest in 
trenches along the Bay Fault zone. Sulphide 
mineralization appears only in trenches that are
exposing mafic to intermediate host rocks and are located within the fault zone. (b) Distribution of the 
sulphide-silicate assemblage in trench L150. Note that while the whole extent of the trench is 
hydrothermally altered, sulphides are hosted exclusively by Sudbury Breccia and gneiss, whereas granite 
only contains barren quartz veins. Furthermore, the sulphide-silicate assemblage appears in or proximal 
to NW trending fractures of the Bay Fault zone. 
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Shear-type veins appear in two, coeval sets trending N–S and NE–SW (Fig. 4.10), with a sense of 
movement varying within and among the studied areas. The local NW–SE strike in the Rory trench is 
interpreted as reactivation of an existing fracture pattern generated by the large impact-related fault  
running about 100 m from the outcrop. The occurrence of this vein type is unrelated to either the 
presence of impact-related fractures or host rock compositions.    
No unambiguous temporal relationships between extensional and N–S trending type II quartz 
veins were observed. They both are post-dated by shear-type epidote-quartz veins, which, in turn, are 
proven to be overprinted by type III hydrothermal breccias. The calcite-chlorite assemblage is the 
youngest alteration observed. 
4.8 Distribution of alteration assemblages in other areas of the Sudbury structure 
To better understand the distribution of described alteration types, large-scale mapping was also 
performed in a number of other areas in the Sudbury structure. 
The intensely altered Sudbury Breccia hills of the Trill area expose extensional epidote-
quartz(±feldspar) veins with associated replacive epidote alteration of monzonite clasts (Figs. 4.12a and 
b). A mineral assemblage identical to that of amphibole veins is abundant at the location, present as 
micro-veins and patches replacing clasts of the Matachewan suite (Fig. 4.12c). Few extensional 
amphibole and epidote veins were found cutting thermally altered Sudbury Breccia in the Foy, Skynner 
Lake and Frost Lake properties in areas proximal to the basal SIC contact. Amphibole veins, with 
similar characteristics to those presented here, were reported to cut the Onaping Formation at Joe Lake, 
east of the Wisner area (Ames et al., 1998), and also occur in the Wisner Broken Hammer zone (Péntek 
et al., 2008) as well as in the Barnet property, Onaping-Levack area, cutting gneissic rocks and Sudbury 
Breccia (Hanley and Bray, 2009).  
Shear-type epidote-quartz veins are by far the most abundant hydrothermal assemblages among 
the alteration types. They were often observed in areas both proximal and distal to the SIC contact (e.g., 
Skynner Lake and Pele properties, respectively), with a density being the function rather of host rock 
type than of distance: Sudbury Breccia zones tend to host larger numbers of this vein type than intact 
footwall units. Shear-type epidote-quartz veins are the dominant vein type superimposed on extensional 
veins in the Trill area. Investigation of drill core from the Wisner and Amy Lake locations showed that 
the density of shear-type veining is significant even at 1,300 m depth below the present erosion level, 
and, as revealed by the altered Main Mass granophyre along Highway 144, the veins post-date the SIC 
itself (Fig. 4.12d). Similarly to the Amy Lake and Wisner locations, the shear-type veins in these areas  
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Fig. 4.12 Alteration observed at locations excluding the Wisner and Amy Lake areas. (a) 
Photomicrograph of extensional epidote-quartz vein cutting Sudbury Breccia at Trill. Note the typical syn-
tectonic texture. Stages of crack-seal growing are marked by bands of inclusions aligned parallel to the 
wall of the vein. (b) Epidote-quartz alteration replacing monzonite clasts in Sudbury Breccia at Trill. (c) 
Alteration assemblage replacing a diabase clast in Sudbury Breccia at Trill. The paragenesis is dominated 
by actinolitic amphibole and is accompanied by occasionally REE-bearing titanite and trace quartz. 
Allanite was also observed in some samples. (d) Shear-type epidote-quartz vein cutting SIC granophyre in 
an outcrop along Highway 144. 
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tend to appear in a SW–NE and/or a NW–SE to N–S set. The similarly trending “quartz-epidote-
chlorite veins” in Levack Gneiss studied by Molnár et al. (2001) as well as the “late epidote veins” 
described from the SIC by Campos-Alvarez et al. (2010) most likely belong to the shear-type group 
presented here.  
The calcite-chlorite alteration was observed in drill core to a similar depth but in much lesser 
intensity than the shear-type veins; it has also been reported from several localities in the SIC and its 
footwall (Molnár et al., 2001; Campos-Alvarez et al., 2010), but the volume and significance of this 
assemblage is negligible compared to other alteration groups. 
4.9 Summary and interpretation of petrographic and structural data 
Segregation of a fluid phase from FWGR veins and bodies is manifested by miarolitic cavities. 
The FWGR-associated epidote-amphibole alteration shows very similar mineral compositions and 
textures to the hydrous silicate assemblage of the cavities, suggesting a possible relation to the 
segregated fluids. The FWGR-associated assemblage is found either spatially connected to, or 
physically detached from, the FWGR itself. The mineral assemblage involves allanite, epidote 
and amphibole. Characteristic macro-features are the composite halo towards the host rock and 
the coarse-grained nature of euhedral epidote. Vein orientations scattering distal to the Bay Fault 
but coinciding with it in the main zone suggests that segregation of fluids occurred before, and 
continued during, the emplacement of impact-related brittle fractures in the Amy Lake zone.  
All types of extensional veins mark the same hydrothermal event, where the local mineral 
assemblage is a function of host rock composition. Their uniform NW–SE orientation 
coinciding with impact-related structures together with their characteristic syn-tectonic texture 
imply a genetic link to fluids driven by the heat of the SIC. The formation of these veins is, 
therefore, assumed to have had begun after the in situ segregation of FWGR fluids and slightly 
after the precipitation of FWGR-associated vein assemblages. 
The hydrothermal sulphide-silicate assemblage occurs dominantly in disseminated to patchy texture, 
and comprises chalcopyrite as the main sulphide mineral accompanied by variable amounts of 
millerite and pyrite. The sulphide mass is surrounded by a hydrous silicate selvage, in which 
poikilitic epidote is the most characteristic micro-textural feature. In the Amy Lake zone, 
chalcopyrite replaces millerite and pyrite, but not the hydrous silicate selvage. Sulphide 
mineralization tends to be focused in impact-related fracture zones running in mafic to 
intermediate footwall rocks.  
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The spatial proximity of extensional veins to footwall-type sulphide occurrences suggests that 
both alteration types are originated in the same, Sudbury-related hydrothermal event, perhaps in 
different stages. Amphibole veins generally occur together with sulphide-silicate assemblages, 
which may be explained by the affinity of both assemblages for mafic-intermediate rocks. 
Chalcopyrite and poikilitic epidote occurring in interstitial position to amphibole crystals in 
amphibole veins indicates that hydrothermal sulphide mineralization slightly post-dates the 
amphibole veins. The presence of extensional veins (and mineral assemblages identical to those) 
in areas devoid of footwall sulphide occurrences imply that the SIC-driven hydrothermal system 
was not uniform everywhere in the Sudbury structure with respect to metal contents.    
Shear-type epidote-quartz veins post-date the Sudbury Event and its hydrothermal fluid migration. 
These veins are characterized by their texture showing a shear-related origin, and the mineral 
assemblage which is practically independent from the host rock composition. They represent 
conjugate veining of an extremely widespread hydrothermal system, which, based on the 
relatively consistent orientation of the veins over large areas, may have been active after the 
major structural modifications (e.g., Penokean and Chieflakean orogenies, Chapter 2.6) of the 
Sudbury structure took place. 
The calcite-chlorite alteration is widespread but insignificant in volume, and represents the youngest 
alteration event observed in this study. 
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CHAPTER 5 – MAJOR AND TRACE ELEMENT GEOCHEMISTRY OF MINERAL ASSEMBLAGES AND 
SELECTED MINERALS 
Petrographic studies, as well as bulk and in situ analytical methods were utilized in order to reveal 
chemical information of the various alteration groups and, thus, of the hydrothermal stage they 
represent. In attempt to establish similarities, differences and possible genetic links between the mineral 
assemblages, the contents of a set of elements, on both minor and trace levels, have been analyzed 
systematically.  
5.1 Chemistry and distribution of PGM and other precious-metal minerals 
Pervasive FWGR-associated epidote-amphibole and sulphide-silicate assemblages contain a wide 
variety of precious-metal minerals, hosted either by sulphides (in sulphide mineralization) or silicates (in 
the silicate selvage as well as in epidote-amphibole alteration associated with FWGR). Although the 
element-association represented by these minerals are similar in both the Wisner and Amy Lake areas, 
certain differences in abundance, trace element contents and distribution exist among these 
assemblages. The PGM assemblage corresponds well with the low-temperature (<600°C) PGM pattern 
established in the North Range (Farrow and Lightfoot, 2002; Ames and Farrow, 2007; Ames et al., 
2010a; White et al., 2010). Representative analyses of PGM are found in Table 5.1. 
5.1.1 Wisner South and Southwest zones 
In the South zone, PGM are dominated by merenskyite and moncheite (PdTe2 and PtTe2, 
respectively) occurring as composite grains in both silicate and sulphide minerals, as well as along 
silicate-sulphide boundaries (Figs. 5.1a and b). The Pd contents range from 0.24 to 0.59 apfu, with few 
grains having end-member merenskyite compositions (Fig. 5.2a). Both minerals are generally devoid of 
Ni with the highest Ni value (1.39 wt%) being recorded for moncheite (Fig. 5.1c). Te is commonly 
substituted by Bi (0.30 apfu on average). 
Kotulskite (PdTe) was observed in one case forming a composite grain with merenskyite (Fig. 
5.1d). Malyshevite (CuPdBiS3) and lisiguangite (CuPtBiS3) are common in the South zone (Fig. 5.2b), 
occurring as irregular grains along silicate-sulphide boundaries (Figs. 5.1a and e). Inclusions of 
bohdanowiczite (AgBiSe2) and small Ag-Se phases are present in both millerite and polydymite (Fig. 
5.1f). Galena appears in silicates and sulphides, and occasionally forms vermicular intergrowths with  
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Location
Host mineral millerite
Analysis # SW011-2-1 SW021-8-1 SW012-8-1 SZE07-1-1-3 SZE06-5-2 SZE06-6-1 SZE06-5-6 013173-9 20111-11 L40001-1 FST41-5-4 L40001-4
PGM name mer mer mer mer mon lisi maly mon mon mer mer mer
wt%
Ag 0.06 0.01 0.02 n/d 0.01 0.08 n/d 0.02 0.06 0.10 n/d 0.15
Pd 14.57 17.73 13.48 12.29 4.08 7.48 17.65 7.28 6.43 26.69 29.02 26.81
Pt 16.90 11.96 19.77 21.20 33.96 21.40 4.17 27.29 22.37 0.39 n/d 0.54
Au 0.06 n/d n/d n/d n/d n/d n/d 0.04 n/d 0.12 n/d n/d
Sn n/d n/d n/d 0.03 n/d 0.02 n/d n/d 0.01 n/d n/d 0.01
Sb 0.06 0.08 0.07 0.04 0.06 n/d n/d 0.24 0.39 0.16 n/d 0.26
Te 58.27 60.87 60.02 48.56 46.85 0.08 0.07 42.27 60.40 51.81 69.97 54.17
Se 0.02 0.01 n/d n/d 0.04 0.73 0.26 0.03 n/d n/d n/d 0.07
Bi 8.31 7.50 4.81 16.95 13.36 39.43 42.64 21.26 2.88 20.82 0.83 18.48
Pb n/d n/d n/d n/d n/d 0.05 0.61 0.03 n/d n/d n/d n/d
Hg n/d n/d n/d 0.01 n/d n/d n/d n/d n/d n/d n/d 0.03
Fe 0.28 0.17 0.60 1.40 0.66 0.17 1.59 0.17 1.08 0.03 0.52 0.06
Co n/d n/d n/d 0.01 n/d n/d n/d n/a n/a n/a n/a n/a
Ni 1.01 0.93 0.79 n/d 0.04 0.30 0.51 0.03 3.36 1.88 n/d 1.50
Cu 0.26 0.30 0.12 2.00 1.09 12.14 13.43 0.06 n/d n/d 0.70 0.03
As n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d
S n/d 0.01 n/d 0.27 0.07 18.45 20.22 n/d n/d 0.06 0.13 0.06
Total 99.80 99.57 99.68 102.76 100.22 100.33 101.15 98.71 97.00 102.06 101.47 102.15
at%
Ag 0.003 n/d n/d n/d n/d 0.006 n/d 0.001 0.002 0.003 n/d 0.005
Pd 0.549 0.654 0.507 0.506 0.171 0.366 0.780 0.316 0.244 0.946 0.963 0.943
Pt 0.348 0.240 0.405 0.476 0.771 0.570 0.102 0.647 0.463 0.007 n/d 0.010
Au n/d n/d n/d n/d n/d n/d n/d 0.001 n/d 0.002 n/d n/d
Sn n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d
Sb 0.003 0.003 0.003 n/d 0.003 n/d n/d 0.009 0.013 0.005 n/d 0.008
Te 1.833 1.869 1.887 1.663 1.629 0.006 n/d 1.532 1.913 1.531 1.937 1.590
Se n/d n/d n/d n/d 0.003 0.048 0.018 0.002 n/d n/d n/d 0.003
Bi 0.159 0.141 0.093 0.355 0.282 0.978 0.960 0.471 0.056 0.376 0.014 0.331
Pb n/d n/d n/d n/d n/d n/d 0.012 0.001 n/d n/d n/d n/d
Hg n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d 0.001
Fe 0.021 0.012 0.042 n/d 0.054 0.018 0.132 0.014 0.078 0.002 n/d 0.004
Co n/d n/d n/d n/d n/d n/d n/d n/a n/a n/a n/a n/a
Ni 0.069 0.063 0.054 n/d 0.003 0.024 0.042 0.003 0.231 0.121 n/d 0.096
Cu 0.015 0.018 0.009 n/d 0.075 0.996 0.990 0.004 n/d n/d n/d 0.002
As n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d
S n/d n/d n/d n/d 0.009 2.988 2.964 n/d n/d 0.006 n/d 0.007
Total 3.000 3.000 3.000 3.000 3.000 6.000 6.000 3.000 3.000 3.000 2.914 3.000
Pd:Pt 1.6 2.7 1.3 1.1 0.2 0.6 7.6 0.5 0.5 126.1 n/d 91.7
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Fig. 5.1 BE images of typical trace mineral textures in the Wisner South and Southwest zones. (a) PGM 
in different textural positions in the South zone: hosted by sulphides and silicates as well as located on 
sulphide-silicate boundaries. (Moncheite and merenskyite are not labelled.) (b) Tiny inclusions of 
chalcopyrite and PGM aligned along the axis of elongation in magnetite. (South zone) (c) and (d) 
Composite grains of merenskyite-moncheite minerals in the South zone. (e) Malyshevite occurring as 
irregular grains at silicate-sulphide boundaries. (South zone) (f) Large amount of bohdanowiczite and Ag-
Se minerals associated with polydymite and millerite in the South zone. (Unusual texture of polydymite is 
caused by tarnishing.) (Continued on next page.) 
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Fig. 5.1 continued (g) Vermicular intergrowth of galena and bohdanowiczite in chalcopyrite. (South zone) 
(h) Composite grain of merenskyite and hessite from the Southwest zone. 
bohdanowiczite in chalcopyrite (Fig. 5.1g). Cassiterite was commonly observed in sulphides. Similar 
tractrace metal mineral assemblage associated with chalcopyrite in FWGR was reported by Péntek et al., 
(2012) from the South zone. 
 In the Southwest zone, PGM are also abundant but are uniformly of merenskyite composition, 
rich in Pd and Ni when compared to grains analyzed from the South zone (Fig. 5.2a). Merenskyite 
grains were found in great numbers in sulphides but are also present as inclusions in the silicate 
selvages. Composite grains with hessite are associated with chalcopyrite (Fig. 5.1h). Sulphide minerals 
occasionally host electrum and Ni- and Bi-tellurides too small for quantitative analysis, as well as 
cassiterite, argento-pentlandite and galena, later of which also appears in the silicate selvages. 
5.1.2 Amy Lake PGE zone 
A very diverse trace mineral population was found in the Amy Lake zone (Table 5.2). In sulphide-
silicate assemblages, trace minerals in pyrite tend to be concentrated in growth zones, where they 
develop very fine acicular grains (Figs. 5.3a and b). Electrum (Fig. 5.3c) and unknown Bi-Te phases 
occur exclusively in pyrite, whereas sperrylite, selenian galena, hessite, and Pd(-Bi)-tellurides are also 
common in millerite. The abundance of sperrylite in chalcopyrite increases towards the sulphide-host 
rock contact. Sperrylite is the most abundant PGM in the silicate selvage, where it occurs as euhedral 
inclusions in poikilitic epidote. In disseminated ore, it forms composite grains with merenskyite 
interstitial to silicates. 
 
56
CHAPTER 5 – MAJOR AND TRACE ELEMENT GEOCHEMISTRY OF MINERAL ASSEMBLAGES  
Fig. 5.2 Ternary plots presenting the composition of the dominant platinum-group minerals in the Wisner 
and Amy Lake areas. Plots (a) and (b) show the Pd-Pt-Ni atomic proportions on the merenskyite-
moncheite and malyshevite-lisiguangite joins, respectively. Note the more Pd- and Ni-rich nature of 
Southwest zone PGM as opposed to South zone minerals. (Data from Broken Hammer by Péntek et al., 
2008; analyses marked by light circles can also be found therein and in Péntek (2009), whereas diamonds 
indicate results of the present study.) (c) Composition of bismuth-tellurides in the Amy Lake zone. (d) 
Composition of merenskyite-moncheite(-melonite) minerals in the Amy Lake PGE zone. PGM hosted by 
sulphides have a generally uniform composition devoid of Pt and Ni, whereas PGM in silicates show 
variable Pt- and Ni-content. (Note that about 30 analyses are superimposed on each other in the Pt- and 
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Fig. 5.3 BE images of platinum-group and precious metal mineral textures in the Amy Lake PGE zone. 
(a) and (b) Acicular grains of trace minerals forming inclusion-rich zones in pyrite. (c) Electrum filling a 
microcrack. Au-rich minerals were not found in chalcopyrite or millerite, neither fracture-filling nor as 
inclusions. (d) Distribution of galena-bohdanowiczite exsolution grains (bright areas) in sulphide 
minerals. Note large proportion of grains in chalcopyrite and their complete absence in millerite. (e) and 
(f) Selenian galena (bright) containing bohdanowiczite exsolution lamellae (dark) in chalcopyrite. 
(Continued on next page.) 
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Fig. 5.3 continued (g) Composite grain in chalcopyrite with hessite and Bi-free merenskyite replacing Bi-
bearing merenskyite in Amy Lake North. (h) Composite grain in chalcopyrite from the South trench. The 
replacement texture is similar to that of Amy Lake North, but wittichenite and covellite are involved 
instead of hessite. (i) Composite PGM grain in the silicate selvage of a sulphide sample. Moncheite and 
hessite are replacing sperrylite and low-Pt merenskyite. (j) Sperrylite with Pt- and Pd-rich bismuth-
telluride inclusions hosted by epidote in a pervasive FWGR-associated specimen. (Small grain size of 
inclusions eliminates quantitative analyses.) 
The distribution of galena, bohdanowiczite, hessite and minerals of merenskyite-moncheite 
compositions is uneven among the three main sulphide phases and the silicate selvage, as well as among 
areas within the Amy Lake zone. The difference in the characteristics of these minerals necessitates the 
distinction of the South trench from the rest of the PGE zone (Amy Lake North). In the North, 
selenian galena and bohdanowiczite appear as discrete grains in pyrite and millerite, whereas in 
chalcopyrite they are found exclusively as composite grains of Se-bearing galena with bohdanowiczite 
exsolution lamellae (Figs. 5.3d to f). In contrast, bohdanowiczite is extremely rare in the South trench in 
all three sulphides. Pd(-Bi)-tellurides in chalcopyrite commonly appear as composite grains of hessite 
intergrown with Bi-free merenskyite and replacing Bi-bearing merenskyite at Amy Lake North (Fig. 
5.3g), whereas in the South trench, the bismuthian versus Bi-free merenskyite alteration in the 
chalcopyrite is associated with covellite and wittichenite, but lacks hessite (Fig. 5.3h). These composite 
grains may be interpreted as residual, altered PGM from millerite and pyrite replaced by chalcopyrite, 
whereas simple euhedral merenskyite may be coeval with chalcopyrite.  
Bi substitution in merenskyite hosted by sulphides occurs in three distinct levels (Fig. 5.2c). 
Substitution of about 0.30 Bi apfu is most common for simple grains. Bi-free merenskyite appears 
exclusively as a reaction rim on bismuthian merenskyite in composite grains. The highest values of Bi 
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(0.83–0.96 apfu) have been measured in grains hosted by Amy Lake North pyrite; some grains have 
Bi:Te ratios very close to the 1:1 michenerite composition. 
In contrast to the Pt-free, Bi-bearing merenskyite hosted by patchy to vein sulphide, merenskyite-
moncheite minerals hosted by silicates in both the silicate selvage and FWGR-associated epidote-
amphibole alteration are typified by strongly variable but high Te, Pt and Ni values, with the combined 
amounts of Pt and Ni usually exceeding the Pd in the mineral (Fig. 5.2d). They most commonly appear 
as composite grains with hessite and sperrylite (Figs. 5.3i and j). 
Péntek et al. (2012) reported homogeneous merenskyite grains devoid of Pt and with about 0.30 
and 0.80 apfu Bi substitutions from chalcopyrite associated with FWGR in the Amy Lake zone. Same 
study also mentions rare occurrences of kotulskite and temagamite (Pd3HgTe3). 
5.2 Base metal and platinum-group element contents of silicate-dominated alteration 
assemblages 
5.2.1 FWGR-associated epidote-amphibole alteration 
Pervasive zones of FWGR-associated alteration are associated with variable amounts of sulphides 
up to 10%. Millerite and minor pyrite are typical sulphide minerals disseminated in the epidote matrix, 
whereas chalcopyrite is only present in trace amounts. Accordingly, the sulphur and Ni contents of 
pervasive samples are typically in the 0.1–0.2 wt% range, and are accompanied by even lower Cu values, 
from a few tens to a few hundreds of ppm. Despite the low base metal content of these specimens, the 
average TPM content of “hydrothermal tails” and pervasive zones is commonly up to 30 g/t, as a result 
of the abundant sperrylite and merenskyite/moncheite grains disseminated in silicate minerals. 
In vein-type FWGR-associated alteration, sulphide minerals were not observed. The Cu 
concentrations of these samples are comparable to those of pervasive FWGR-associated alteration, but 
they are relatively poor in both sulphur and Ni. Although their TPM contents are also much lower, they 
are dominantly still in the anomalous range reaching 0.5 g/t. 
5.2.2 Extensional veins 
Amphibole veins are characterized by variable amounts of associated chalcopyrite and TPM 
contents. Samples with macroscopically visible chalcopyrite have TPM values up to 1 g/t, whereas 
sulphide-poor specimens show only slight enrichment of Pt+Pd+Au (up to 0.07 g/t) or have 
concentration values close to the detection limit. The appearance and distribution of sulphides in the 
veins as a function of spatial position relative to intensely mineralized zones was examined in the Blast 
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trench, where amphibole veins are most abundant. Whole-rock data of the samples show variable 
precious metal contents, even though all samples were taken from the most intensely mineralized part 
of the outcrop (Fig. 5.4). 
Precious metal contents of extensional epidote and quartz veins are as a rule close to the detection 
limits; only one sample of a quartz vein with trace chalcopyrite showed anomalous concentrations 
(0.328 g/t). 
5.2.3 Shear-type epidote-quartz veins 
Shear-type veins generally have TPM values below detection limit. However, out of 13 shear-type 
specimens cutting mineralized zones or located in close proximity (max. of ca. 1 m) to them, 7 were 
found to have anomalously high Pt+Pd+Au values (0.03 0.64 g/t, Fig. 5.4), suggesting local 
remobilization of precious metals. To determine which base and trace metals were affected by 
remobilization, the data of strongly anomalous shear-type vein samples from Wisner (exceeding 0.10 g/t 
TPM) and one similar sample from the Amy Lake zone were normalized to the composition of the 
respective host rocks (Fig. 5.5). The diagram reveals that the main metals remobilized were Pd, Pt, Au, 
Bi, Te ± Ag and As. Cu shows only a slight enrichment, whereas Ni and S are not enriched, which is 
consistent with the sulphide-free nature of these veins.  
5.3 Mineral chemistry of hydrothermal alteration assemblages 
5.3.1 Major element mineral chemistry of epidote-group minerals 
Allanite cores in pervasive FWGR-associated epidote-amphibole alteration are typified by as much 
as 3.5 to 7 wt% La2O3 and Ce2O3, as well as 1.5 wt% Nd2O3. Full REE contents obtained using LA-
ICP-MS are reported in Table A2. Epidote zones proximal to allanite cores have La2O3 and Ce2O3 
contents of 0.1 to 0.2 wt%, but the REE content of outermost rim areas and grains without allanite 
cores is below the detection limit of the microprobe. 
The Fe3+ content of epidote slightly differs according to the type of alteration (Fig. 5.6). In the 
Amy Lake zone, grains in miarolitic cavities of FWGR and FWGR-associated epidote-amphibole 
assemblages show both the highest and lowest values, with compositions close to, or even falling into, 
the clinozoisite field. Together with poikilitic epidote, they exhibit a maximum around 0.90 XEp; 
however, FWGR-associated epidote has a second maximum at 1.06. Peak Fe3+ values of extensional 
vein epidote are uniformly distributed in the 0.78–0.94 range. Shear-type epidote yields a double 
maximum at 0.82 and 0.98 XEp, and has compositions close to clinozoisite. 
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Fig. 5.4 Example for the variety of TPM contents of sulphide veins and disseminations, amphibole veins, 
as well as shear-type epidote samples in the most intensely mineralized zone of the Blast trench (Wisner 
Southwest zone). Note that the TPM values of amphibole veins are highly variable even in the most 
strongly mineralized zone of the outcrop. 
 
Fig. 5.5 Diagram showing trace metal variations in anomalous shear-type epidote-quartz vein samples. 
Concentrations were normalized to compositions of the respective host rocks to eliminate the background 
effect. 
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Fig. 5.6 Histograms plotting Fe3+ contents of epidote in different alteration groups of the Amy Lake PGE 
zone and Wisner areas. XEp = Fe3+/(Fe3++Al+Cr-2) 
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The frequency diagrams of poikilitic and shear-type epidote from the Wisner areas both show 
bimodal distributions having peak values of 0.82 to 0.86 XEp and a second maximum at the 0.98 to 1.06 
and 0.94 to 0.98 intervals, respectively. Despite the similar maxima, the Fe3+ contents of poikilitic 
epidote range from 0.64 to 1.26 XEp, whereas shear-type epidote exhibits an XEp range from 0.44 to 1.05. 
Values of extensional epidote range from 0.70 to 1.06 XEp with a single maximum at 0.78 to 0.86. It is 
apparent in the XEp histograms that despite the similar averages, the range of iron contents in poikilitic 
epidote is shifted towards high Fe3+ contents compared to shear-type epidote in all areas. 
The bimodal distribution of Fe3+ contents in epidote is in connection with compositional zoning 
of the crystals, and represents the most common XEp values of the iron-poor and iron-rich zones. The 
nature and pattern of zonation of the epidote typifies the alteration group to a certain degree. Epidote-
group minerals in the FWGR-associated epidote-amphibole assemblages are commonly built up by a 
relatively homogeneous allanite or epidote core and a corona of a series of micron-sized zones, the same 
way as those in miarolitic cavities of FWGR (Péntek, 2009) (Fig. 4.1f, Figs. 5.7a and b). Poikilitic 
epidote is characterized by a patchy zonation comprising Fe3+-rich and comparably Fe3+-poor domains 
(Fig. 4.4d, Fig. 5.7c). Occasionally, epidote crystals have relatively homogeneous, iron-poor and 
inclusion-free rims. Epidote in extensional and shear-type veins most commonly exhibits oscillatory 
zoning, whereas sector zoning was most commonly observed in shear-type samples (Fig. 5.7d). 
5.3.2 Mineral chemistry of amphibole and chlorite 
Amphibole in the sulphide-silicate assemblage in the Wisner areas is dominantly actinolitic and is 
typified by fine zoning of narrow, compositionally similar bands building up the cores and surrounded 
by several micrometres wide, distinctive, iron-rich rims. 
The compositional zoning of vein-filling amphibole from the Wisner zones is more pronounced in 
terms of Mg/Fe ratio than that of actinolite in sulphide-silicate assemblages. Here, amphibole crystals 
comprise a threefold zonation with a core having compositions around the actinolite-tremolite-
magnesiohornblende transition, a wide, tremolitic to high-Mg actinolitic mantle composed of fine 
zones, as well as a typically narrow and distinctively more iron-rich actinolitic rim (Table 5.3, Fig. 5.8a). 
The Fe3+/Fe2+ ratio (Fig. 5.8b) in these crystals decreases from the core toward the margins. An abrupt 
change in conditions is indicated by the rim compositions, which are distinguished from the core-
mantle values by a wide compositional gap and overlap with the relatively low Fe3+ contents of 
sulphide-associated actinolite. 
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Fig. 5.7 BE images of characteristic zonation patterns of various epidote generations. (a) Sector zoned 
core and oscillatory rimmed corona of an epidote crystal in a miarolitic cavity. (Photo courtesy of A. 
Péntek.) (b) Pervasive and vein-type FWGR-associated epidote constitutes of a homogeneous core and a 
corona of micron-sized oscillatory zones, similar to epidote in miarolitic cavities. (c) Typical patchy 
zonation of poikilitic epidote with an iron-poor, inclusion-free rim. (d) Sector zoned shear-type epidote 
crystals exhibiting well-developed hour-glass structures.  
Amphibole from the sulphide-silicate assemblage shows high Ni concentrations comparable to 
that described from other Sudbury deposits (e.g., Farrow, 1994; Farrow and Watkinson, 1996; 
Magyarosi et al., 2002; Péntek et al., 2008; Kjarsgaard and Ames, 2010). Bulk-rock and microprobe 
analyses of alteration assemblages of the Wisner area revealed that a positive correlation exists between 
the bulk TPM content of a given sample and the Ni content of the contained actinolite and chlorite 
(Fig. 5.9). However, Ni is not evenly distributed in the amphibole crystals. Figure 5.8c demonstrates that 
the Ni content of sulphide-associated amphibole is uniformly high (up to 0.85 wt% NiO) regardless of  
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SSA, zI SSA, zI SSA, zII SSA, zII vein, z1 vein, z1 vein, z2 vein, z2 vein, z3 vein, z3
act act act act tr hbl act tr act act
SiO2 (wt%) 54.06 56.21 55.99 54.70 54.80 51.70 55.09 55.97 53.06 54.15
Al2O3 1.00 0.68 0.60 n/d 2.26 2.71 1.18 1.66 2.88 3.00
TiO2 n/d n/d n/d n/d 0.55 0.59 0.56 0.51 1.15 0.17
Cr2O3 n/d n/d n/d n/d n/d n/d n/d n/d n/d n/d
FeO* 11.86 10.87 10.14 14.46 9.33 12.14 9.14 8.01 13.98 14.98
MgO 16.97 17.33 17.76 14.95 19.14 17.15 19.30 20.24 14.24 14.22
MnO 0.29 0.21 0.19 0.37 n/d n/d n/d n/d 0.19 0.25
NiO 0.58 0.58 0.71 0.46 n/d n/d n/d n/d 0.19 0.19
K2O n/d n/d n/d n/d 0.32 0.32 0.28 0.40 0.11 0.10
CaO 12.12 12.06 12.50 11.73 11.65 10.70 11.46 11.15 11.88 12.06
Na2O 0.28 0.18 0.18 0.44 0.83 0.84 1.01 1.35 0.39 0.32
SrO n/a n/a n/a n/a n/d n/d n/d n/d n/d n/d
Cl n/d n/d n/d n/d n/d 0.15 n/d n/d n/d n/d
F n/d n/d n/d 0.32 0.51 0.91 0.72 0.84 0.27 0.25
Subtotal 97.15 98.11 98.08 97.41 99.40 97.21 98.74 100.12 98.13 99.52
O=F,Cl 0.00 0.00 0.00 0.13 0.21 0.42 0.30 0.35 0.11 0.10
Total 97.15 98.11 98.08 97.28 99.18 96.80 98.44 99.77 98.01 99.42
Selected atomic proportions (apfu) and cation ratios (based on 23 O,F,Cl and 13eCNK)
Si 7.71 7.89 7.88 7.92 7.56 7.38 7.67 7.64 7.62 7.66
Ti n/d n/d n/d n/d 0.06 0.06 0.06 0.05 0.12 0.02
Ni 0.07 0.07 0.08 0.05 n/d n/d n/d n/d 0.02 0.02
K n/d n/d n/d n/d 0.06 0.06 0.05 0.07 0.02 0.02
F n/d n/d n/d 0.14 0.22 0.41 0.32 0.36 0.12 0.11
Cl n/d n/d n/d n/d n/d 0.04 n/d n/d n/d n/d
Mg# 0.82 0.81 0.81 0.70 0.91 0.91 0.90 0.94 0.68 0.68
Fe3+/Fe2+ 0.81 0.50 0.38 0.29 1.64 3.02 1.28 2.46 0.17 0.27
Abbreviations: eCNK: normalized on a total cation number of 13 (excluding Ca, Na, K)
Mg# = Mg/(Mg+Fe2+)
SSA: sulphide-silicate assemblage, z: zone
Table 5.3 Representative electron microprobe analyses of amphibole from the Wisner property
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Fig. 5.8 Element compositions plotted as a function of zonation in vein-filling and sulphide-associated 
amphibole from the Wisner South and Southwest zones. 
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Fig. 5.9 Ni content (apfu) of actinolite and chlorite 
in various alteration groups from the Wisner areas 
plotted against the TPM values of the sample. (Note 
logarithmic scale.) Low-TPM amphibole and shear-
type epidote show no systematic enrichment, 
whereas a positive correlation is apparent in 
specimens of sulphide-silicate alteration and 
amphibole veins with anomalous TPM values. 
 
the zonation pattern, but in vein-filling amphibole high values were only found in actinolitic rims. As 
the correlation coefficient between Ni content and magnesium number is low (r = 0.13), crystal 
structural effects on Ni incorporation can be excluded, and a relationship with the parental 
hydrothermal fluid appears more likely. 
The distribution of K shows similar patterns to that of Ni. Plotting K as a function of the 
zonation (Fig. 5.8d) reveals two distinct groups, one with high, and another with low Mg and K values, 
where the actinolitic rim of the vein-filling amphibole resembles the composition of actinolite in the 
sulphide-silicate assemblages. 
Only core and mantle zones of hornblende composition show minor Cl enrichment (0.10–0.30 
wt%) in vein-filling amphibole, whereas the F content (up to 0.60–0.98 wt%) is independent of Si 
values. Sulphide-associated actinolite and rim zones of vein amphibole are essentially Cl free (below 
0.10 wt%) and less F rich (0.13–0.50 wt%). Although no clear relationship of halogens to major 
elements is apparent, it is possible that Cl and F distribution is controlled by F-Fe avoidance (Munoz, 
1984), Ni-Cl avoidance (Volfinger et al., 1985), and increasing Cl incorporation with elevated K content 
(e.g., Volfinger et al., 1985; Oberti et al., 1993), and thus halogen content as a parameter for the parental 
fluid is excluded from further consideration. Although the presence of halogen-rich, Si-poor amphibole 
(e.g., hornblende, edenite) has been used as an argument for high-salinity fluid migration in a number of 
mineralized environments in Sudbury, actinolitic amphibole was usually found to be comparatively low 
in, or devoid of, halogens (e.g., Farrow and Watkinson, 1992, 1997; Jago et al., 1994; McCormick and 
McDonald, 1999; McCormick et al., 2002b; Hanley and Mungall, 2003; Péntek, 2009). This observation 
69
CHAPTER 5 – MAJOR AND TRACE ELEMENT GEOCHEMISTRY OF MINERAL ASSEMBLAGES  
further suggests that the Cl and F contents of actinolite in this study should not be considered as an 
indicator for fluid composition. 
Regardless of compositional zoning, vein-filling amphibole exhibits slight enrichment in Ti (0.21–
1.83 wt% TiO2, 0.43 wt% on average), whereas Ti values of sulphide-associated actinolite are below 
detection limit (Fig. 5.8e). This pattern defies the trend observed with respect to other elements, where 
the actinolitic rims of vein amphibole resemble the actinolite of sulphide-silicate assemblages. 
A summary of zonation patterns and respective chemical properties of sulphide-associated and 
vein-filling amphibole from the Wisner areas is presented in Figure 5.10. In the Amy Lake zone, 
amphibole present in the alteration assemblages is uniformly ferro-actinolitic to actinolitic, but may be 
divided into two groups based on the Ni content. Amphibole in pervasive FWGR-associated epidote-
amphibole assemblage and that associated with the sulphide-silicate assemblage are Ni-rich with NiO 
wt% values ranging from 0.10 to 1.36 (Fig. 5.11), similarly to the high-Ni (up to 0.5 NiO wt%) 
amphibole found in miarolitic cavities of the FWGR by Péntek (2009). In contrast, amphibole forming 
veins and in the halo of FWGR-associated epidote veins are Ni-poor with less than 0.10 wt% NiO. 
Extensive calcite-chlorite replacement of the vein-forming amphibole crystals hindered detailed 
microprobe studies on amphibole veins from the Amy Lake zone.  
Euhedral chlorite of the sulphide-silicate assemblage contains as much as 1.31 to 3.13 wt% NiO, 
and is pycnochloritic in composition (Fig. 5.12). Subhedral to anhedral chlorite associated with other 
alteration groups has a similar composition but has NiO contents below 0.1 wt%, whereas euhedral 
chlorite of the calcite-chlorite alteration is Ni-poor with compositions along the ripidolite-pycnochlorite 
join (Fig. 5.12).   
5.3.3 Trace element geochemistry of allanite and epidote 
Epidote and allanite are some of the most suitable candidates for incorporating REE from the 
parental fluid in most alteration groups studied here, with the exception of REE-bearing minerals in 
miarolitic cavities (titanite, minor to trace apatite and zircon) and vein-type FWGR-associated alteration 
(minor titanite). The miarolitic epidote analyzed was accompanied by considerable amounts of titanite, 
whereas other samples appeared to be titanite-free. Trace element concentrations are summarized in 
Table A2, and the data were normalized to the respective host rock to highlight characteristics of the 
parent fluid in Figures 5.13 to 5.15. 
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Fig. 5.10 Comparison of amphibole zonation in (a) sulphide-silicate assemblages and (b) 
amphibole veins from the Wisner South and Southwest zones. Sketches illustrate zonation habits 
and associated chemical characteristics. Note the chemical similarity of zone 3 to zones I and II. 
Fig. 5.11 NiO contents of amphibole in various 
assemblages from the Amy Lake zone. 
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Rare-earth element diagrams of epidote in 
miarolites of FWGR show a flat profile and an Eu 
anomaly changing from positive to negative with 
decreasing REE concentrations relative to the host 
rock (Fig. 5.13a). Allanite cores from a pervasive 
FWGR-related sample show strong enrichment in 
LREE and a negative Eu anomaly. Epidote coronas 
on allanite cores gradually evolve from a similar 
trend to another where the LREE are enriched but 
HREE become slightly depleted, with a large 
positive Eu anomaly (Fig. 5.13b). Individual 
prismatic epidote grains are typified by a similarly 
large Eu anomaly but much lower concentrations, 
where LREE are only slightly enriched compared to 
HREE (Fig. 5.13b). Vein-type FWGR-associated 
epidote has the most depleted REE concentrations 
compared to the host rock in this alteration group, 
except one analysis which shows enriched LREE 
(Fig. 5.13c). There are no significant differences in 
the REE characteristics of poikilitic, extensional 
and shear-type epidote samples. LREE and HREE 
are slightly depleted or slightly enriched compared 
to the host rocks while maintaining a generally flat 
trend (Fig. 5.14). 
Beside Ni, Cu, Pt and Pd, special attention was 
devoted to the group of pathfinder elements which 
are commonly associated with footwall 
mineralization, including Au, Ag, As, Bi, Sn, Zn, Sb, 
Te, Hg, Se, Co and Pb (Cabri, 1981, 2002; Ames 
and Farrow, 2007; Kjarsgaard and Ames, 2010). 
Pervasive FWGR-associated epidote samples were found to be Ni-rich, with several hundred ppm Ni, 
which is distinctive relative to other alteration types. Vein-type FWGR-associated epidote is Ni-poor  
Fig. 5.13 REE concentrations of selected 
miarolitic and FWGR-associated epidote samples. 
(Values normalized to host rock.) (a) REE 
distribution in miarolitic epidote. (b) Systematic 
variation of REE concentrations in the pervasive 
FWGR-associated assemblage from the allanite 
cores (all core) to the epidote coronas (ep rim) 
and individual prismatic epidote grains (prism ep). 
(c) REE distribution of epidote in a vein-type 
FWGR-associated sample. 
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Fig. 5.14 REE concentrations of selected poikilitic, extensional and shear-type epidote samples as a 
function of host rock composition. (Values normalized to host rock.) Note that the more felsic the host 
rock the more consistent the distribution is. Samples in quartz-monzonite provide the most consistent 
data, whereas in diabase the concentrations scatter several orders of magnitude. 
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Fig. 5.15 Selected pathfinder trace element concentrations in epidote. (Values normalized to host rock.) 
(open symbols: Wisner, full symbols: Amy Lake) (a) Ni versus Co concentrations. Note the difference in 
concentrations between the two localities and the high Ni and Co values associated with pervasive 
FWGR-associated epidote and allanite. (b) Ni versus Pb concentrations. 
with an average Ni concentration of about 10 ppm, similar to poikilitic epidote; however, individual 
analyses in poikilitic epidote scatter in a very wide range from less than a ppm to more than 100 ppm. In 
other assemblages the average Ni concentration is usually below 1 ppm. Co behaves similar to Ni 
among alteration types and correlates well with Ni (Fig. 5.15a). Pb concentrations are lowest in 
pervasive FWGR-associated epidote samples, and gradually become more significant with decreasing 
average Ni values in Sudbury-related assemblages, whereas shear-type samples scatter in a wide range 
(Fig. 5.15b). The strongest average enrichment of Sn (68 ppm) was measured in poikilitic epidote, where 
individual grains in the same sample exhibited a wide range of concentrations. Bi averages from 0.16 to 
0.78 ppm, except in miarolitic epidote and FWGR-associated allanite, where concentrations are an order 
of magnitude lower; however, normalized values show unsystematic variation from depleted to enriched 
ratios as compared to the host rock. Cu is depleted in epidote as compared to the host rock, and has 
median values ranging from 0.07 to 0.42 ppm; however, outliers with as much as several tens of ppm 
occur in poikilitic, FWGR-associated epidote and shear-type samples. The amount of Pd is between 0.1 
and 0.3 ppm and appears to be unrelated to either mineral assemblage or host rock type. All samples are 
depleted in Zn to the same degree (0.1 to 0.01 relative to the host rock). Concentrations of As are 
generally below or around the detection limit, with the exception of allanite in FWGR-associated 
epidote-amphibole assemblage, where significant enrichment was observed. Te and Hg were uniformly 
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found to be below the detection limit, as were Au, Ag, Pt and Sb, which were rarely detected in small 
quantities. 
Concentrations of Th and U span a wide range within individual samples, but the highest values 
(up to 23 ppm) are associated with the miarolitic and pervasive FWGR-associated group. Sr is 
unspecific to both host rock composition and alteration group and is a minor constituent in epidote, 
whereas allanite is characterized by lower values of Sr. Normalized Ti ratios are uniformly between 0.1 
and 1 within epidote, with host rock composition controlling Ti concentrations. There were no 
systematic variations observed in either normalized or absolute concentrations of other analyzed 
elements (Table A2). 
Poikilitic epidote exhibits by far the greatest range in the studied trace elements, both on the 
sample and on the individual grain scale (Table A2). Accidental analysis of inclusions in epidote is ruled 
out by careful examination of ablation signals, thus this extreme variability is considered to be a genuine 
attribute to the poikilitic epidote. 
5.4 Summary and interpretation of the mineral chemical data 
Precious metal minerals are hosted by both sulphides and silicates. 
A similar trace metal population is associated with hydrothermal sulphide mineralization in both 
areas, involving Pd, Pt, Bi, Te, Ag, Au, Se, Pb and Sn. The concentration of these elements and 
their involvement in mineral phases, however, differ among zones. In the Amy Lake zone, Zn-
bearing minerals were not observed, but As is an important trace element in the area bound in 
sperrylite. 
The distribution of trace minerals in the Amy Lake zone may be outlined as follows. (1) 
Electrum is only associated with pyrite, whereas bohdanowiczite, sperrylite, selenian galena, 
hessite, and Pd(-Bi)-tellurides are also found in millerite. (2) In Amy Lake North, chalcopyrite is 
associated with abundant bohdanowiczite-selenian galena composite minerals and hessite-Te-
rich merenskyite reaction rims surrounding Bi-merenskyite, whereas in the South trench 
bohdanowiczite is extremely rare and reaction rims involve wittichenite and covellite. (3) There 
is a strong enrichment of Pt over Pd in PGM hosted by hydrous silicates. Pt in minerals of the 
merenskyite-moncheite join is only significant in grains hosted by silicates; the abundance of 
sperrylite is also increased in silicates as compared to sulphides.  
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Pervasive FWGR-associated epidote-amphibole zones have high TPM values associated with 
very low sulphide contents, whereas FWGR-associated epidote veins are less rich in TPM and 
devoid of sulphide. Ni concentrations in the pervasive alteration exceed that of Cu. The TPM 
values of amphibole veins are in positive correlation with sulphide contents and range from 
concentrations below detection limit to up to 1.0 g/t. Other extensional and shear-type veins are 
generally devoid of PGE and Au; however, shear-type samples in close proximity to mineralized 
zones occasionally exhibit anomalous TPM values, suggesting a very limited ability to remobilize 
Pt, Pd and Au on a local scale.  
The FWGR-associated epidote shows a similarly wide range of XEp as epidote found in 
miarolitic cavities, and both are typified by a relatively homogeneous core and a corona 
composed of narrow zones. Poikilitic epidote has a characteristic patchy zonation and high 
average ferric-iron contents. 
Amphibole in pervasive FWGR-associated alteration as well as amphibole in the silicate selvage 
of hydrothermal sulphide occurrences are dominantly actinolitic in composition and, together 
with chlorite from the silicate selvage, are characteristically rich in Ni. Amphibole in extensional 
veins exhibit a threefold zonation with a tremolite-actinolite core and the mantle that are more 
oxidized, enriched in Mg and K and depleted in Ni than the Fe-rich, K-depleted, commonly Ni-
bearing actinolite rim, which, in its chemical properties, resembles to the actinolite of the silicate 
selvage. This similarity suggests a genetic link between the two alteration types. Vein amphibole, 
unspecific for zonation, is richer in Ti than actinolite from sulphide-silicate assemblages. 
Trace elements in allanite and epidote record a trend of gradual LREE depletion from allanite 
cores through the epidote coronas and individual epidote grains in pervasive FWGR-associated 
zones to FWGR-associated epidote veins. Epidote in other alteration groups is uniformly low in 
REE. Ni was found to be significantly enriched in epidote of pervasive FWGR-associated 
alteration and in lesser amounts in epidote of FWGR-associated veins. The concentration of 
some elements in poikilitic epidote is extremely scattering with outliers to both extremes; this 
feature may be explained by the patchy zonation of this kind of epidote. U and Th 
concentrations are elevated in miarolitic and pervasive FWGR-associated epidote. Ti was found 
to be governed by host rock composition with a tendency to be enriched in samples hosted by 
mafic rocks. 
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Combination of minor and trace element data reveals that hydrous silicates of Sudbury-related 
assemblages (FWGR, FWGR-associated alteration, sulphide-silicate and extensional vein 
parageneses) tend to be generally Ni-enriched compared to minerals in shear-type veins. 
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CHAPTER 6 – METAL DISTRIBUTION PATTERNS IN THE FOOTWALL-TYPE SULPHIDE 
OCCURRENCES OF THE WISNER SOUTHWEST AND AMY LAKE PGE ZONES  
The geochemical character of contact deposits and sharp-walled footwall deposits has been 
intensively studied in the past and metal distribution patterns, trends and zonations are well understood 
(e.g., Naldrett, 1984; Coats and Snajdr, 1984; Naldrett et al., 1994; Naldrett et al., 1999; Mungall, 2007). 
Because low-sulphide systems were only recently classified as a type of footwall mineralization, data on 
the distribution patterns of associated elements are few in number. Below a summary is given of 
element correlations as well as metal tenors and ratios of the Wisner Southwest and Amy Lake PGE 
zones. A comparison with other footwall sulphide occurrences is presented to reveal characteristic 
attributes to the geochemistry of low-sulphide mineralization in general.   
6.1 Element distribution patterns characteristic to footwall-type deposits 
After more than a century of exploration and mining in the Sudbury camp, large volumes of 
exploration assay data exist without the corresponding drill core material. In the attempt of refining the 
classification of footwall-style sulphide occurrences, Farrow et al. (2005) introduced a method to link 
that kind of geochemical data to geological information. Records containing Cu, Ni, Pt and Pd 
concentrations were categorized based on S contents in order to compare metal tenors and ratios 
associated with different ore styles from disseminations to massive sulphide veins (Tables 8-1 and 8-2 in 
Farrow et al., 2005). The results indicated that in the case of samples from sharp-walled deposits, ore-
grade (5 g/t Pt+Pd in more than 50% of the samples) was only attained in the 20% S category, 
whereas low-sulphide samples reach this threshold at S contents as low as 1 to 2 wt%. Furthermore, the 
average Pt+Pd contents associated with samples above 1% S proved to be by an order of magnitude 
higher in the low-sulphide deposits than in the sharp-walled ones. Hybrid deposits showed patterns 
between the two end-members. In general, Pt+Pd contents and Cu/Ni ratios were found to be 
increasing, and Pt/Pd decreasing with increased S contents.  
6.1.1 Statistic analysis of the Wisner and Amy Lake sulphide occurrences – datasets and methods 
An extensive database of whole-rock geochemical data has been examined statistically to unravel 
metal distribution patterns in the Wisner and Amy Lake areas. Drill core and surface channel samples 
with analytical results for Cu, Ni, S, Pt and Pd were considered only. As the majority of drill core data 
78
CHAPTER 6 – METAL DISTRIBUTION PATTERNS  
from the Wisner South zone did not include S analysis, statistical investigation on this area has not been 
carried out. Metal correlations in the South zone were reported by Péntek et al. (2008).    
For the Wisner Southwest and Amy Lake zones, local background and anomaly threshold values 
were calculated and chosen as cut-off values (Table 6.1) to sort out non-mineralized samples. Because 
mineralogical observations indicate that Cu-Ni sulphides do not necessarily accompany PGM in low-
sulphide samples (Chapter 5.1), records satisfying the Pt-Pd cut-off were considered to be representative 
for the Sudbury-related mineralization, and were processed by statistical means. 
Samples above the Pt+Pd cut-off were subdivided into intervals of S content following the study 
of Farrow et al. (2005) and Péntek et al. (2008). Data were recalculated to 100% sulphide content in 
order to unravel the systematic pattern of metal tenors in each mineralization style. For the Southwest 
zone, a sulphide assemblage composed of 94% chalcopyrite and millerite, 3% pyrrhotite and 3% 
pentlandite was assumed based on mineralogical observations (Chapter 4.3), whereas for the Amy Lake 
PGE zone 90% chalcopyrite and millerite, and 10% pyrite were considered. Thus, a sulphide phase with 
a total of 35.1 and 36.8% sulphur content, respectively, was assumed. The behaviour of Au and Ag 
grades and tenors in each S category was also investigated. Median values are reported to eliminate 
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Table 6.1 Local background and threshold values calculated for the Wisner Southwest and Amy Lake zones
Local backgrounds Local anomaly thresholds
6.2 Metal correlations and tenors  
Correlation matrices of base metals, platinum-group and pathfinder elements reveal that Pt and Pd 
have similar relationships in both areas with other elements (Table 6.2). Pt and Pd strongly correlate and 
both elements have a positive relationship with Te and Bi, as it is expected from a PGM association 
dominated by merenskyite and moncheite (Chapter 5.1). The Ni content of Pd-rich merenskyite 
(Chapter 5.1) is reflected by the strong and somewhat weaker correlation of Ni with Pd and Pt, 
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Cu Ni Pt Pd S Ag Au As Bi Cd Co In Pb Sb Se Sn Te Zn
Cu 1.00
Ni 0.33 1.00
Pt 0.28 0.59 1.00
Pd 0.25 0.81 0.94 1.00 Wisner Southwest zone
S 0.92 0.51 0.34 0.36 1.00 n = 112
Ag 0.85 0.46 0.69 0.61 0.84 1.00
Au 0.16 0.54 0.83 0.81 0.23 0.55 1.00
As 0.25 0.27 0.33 0.30 0.24 0.33 0.24 1.00
Bi 0.06 0.35 0.90 0.77 0.09 0.50 0.78 0.29 1.00
Cd 0.90 0.31 0.24 0.21 0.85 0.80 0.15 0.24 0.04 1.00
Co 0.35 0.20 0.10 0.08 0.54 0.35 0.14 0.13 0.02 0.35 1.00
In 0.95 0.32 0.23 0.21 0.94 0.79 0.12 0.25 0.03 0.82 0.46 1.00
Pb 0.15 0.32 0.64 0.57 0.21 0.47 0.61 0.36 0.63 0.18 0.22 0.14 1.00
Sb -0.09 -0.05 0.10 0.04 -0.11 -0.04 0.06 0.49 0.17 -0.08 0.20 -0.09 0.46 1.00
Se 0.79 0.69 0.48 0.57 0.80 0.75 0.33 0.33 0.19 0.66 0.24 0.79 0.21 -0.08 1.00
Sn 0.30 0.15 0.71 0.53 0.29 0.59 0.57 0.39 0.66 0.22 0.16 0.27 0.69 0.41 0.27 1.00
Te 0.32 0.78 0.94 0.98 0.43 0.66 0.78 0.32 0.77 0.27 0.13 0.28 0.58 0.05 0.61 0.60 1.00
Zn 0.87 0.25 0.22 0.17 0.87 0.77 0.14 0.15 0.00 0.90 0.45 0.84 0.16 -0.07 0.62 0.29 0.26 1.00
Cu Ni Pt Pd S Ag Au As Bi Cd Co In Pb Sb Se Sn Te Zn
Cu 1.00
Ni 0.55 1.00
Pt 0.08 0.20 1.00
Pd 0.26 0.54 0.77 1.00 Amy Lake PGE zone
S 0.96 0.67 0.16 0.39 1.00 n = 306
Ag 0.37 0.41 0.30 0.57 0.47 1.00
Au 0.31 0.22 0.36 0.43 0.38 0.43 1.00
As 0.06 0.24 0.41 0.47 0.14 0.19 0.17 1.00
Bi 0.16 0.26 0.58 0.63 0.26 0.60 0.64 0.30 1.00
Cd 0.81 0.31 0.06 0.12 0.70 0.31 0.15 0.04 0.17 1.00
Co 0.40 0.42 0.24 0.40 0.48 0.22 0.54 0.22 0.24 0.22 1.00
In 0.91 0.35 0.07 0.19 0.83 0.38 0.26 0.08 0.16 0.86 0.35 1.00
Pb -0.02 0.09 0.24 0.24 0.04 0.18 0.22 0.28 0.52 0.16 0.03 -0.01 1.00
Sb 0.02 0.04 0.03 0.06 0.04 0.04 0.03 0.10 0.01 0.03 0.04 0.02 0.05 1.00
Se 0.80 0.69 0.30 0.62 0.87 0.81 0.44 0.23 0.45 0.60 0.44 0.74 0.05 0.05 1.00
Sn 0.23 0.24 0.33 0.40 0.27 0.31 0.43 0.25 0.58 0.19 0.12 0.26 0.68 0.08 0.31 1.00
Te 0.24 0.51 0.79 0.96 0.35 0.46 0.36 0.48 0.57 0.11 0.37 0.19 0.27 0.05 0.55 0.39 1.00
Zn 0.29 0.03 0.01 0.02 0.28 0.09 0.13 0.02 0.15 0.44 0.19 0.31 0.12 0.12 0.17 0.10 -0.03 1.00
Correlation coefficients indicating significant (> 0.5) positive correlations are shown in bold.
Table 6.2 Metal correlations in mineralized samples from the Wisner Southwest zone and the Amy Lake PGE zone
respectively. Nor Pt nor Pd correlates with Cu or S, indicating that PGM are not exclusively hosted by 
sulphide minerals. 
It is apparent from the correlation matrices that in the Amy Lake zone positive inter-element 
relationships are much less in number, which is interpreted to be due to the significant variability of 
trace mineral association with respect to host minerals and location (Chapter 5.1.2). However, the 
overwhelming dominance of bohdanowiczite among precious metal minerals in chalcopyrite (Chapter 
5.1.2) is reflected in the strong positive relationship between Ag, Bi and Se, and the good correlation of 
Cu with Se.  
Pt, Pd, and Au tenors calculated using the method of Farrow et al. (2005) and Péntek et al. (2008) 
follow the same pattern in both areas (Table 6.3). Samples with less than 1 wt% S comprise the majority 
of the dataset, which is in agreement with the mostly disseminated character of the mineralization. The  
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CHAPTER 6 – METAL DISTRIBUTION PATTERNS  
average precious metal content increases with increasing S in both areas, but an important feature is that 
recalculated Pt, Pd, and Au grades reach their highest values in samples with the lowest S content, 
implying that the relative concentration of PGE in disseminations is higher than in more massive styles 
of sulphide. The two areas show different trends in respect to Ag tenors: they are generally constant in 
all S ranges in the Southwest zone, whereas they show a decreasing trend similar to that of the other 
precious metals in the Amy Lake zone. 
In the Southwest zone, Pt and Pd are similarly enriched (Fig. 6.1) and the Pt/(Pt+Pd) ratio is 
essentially constant within each S group (Table 6.3), whereas intervals above 5 wt% S in the Amy Lake 
zone show Pd-enrichment relative to Pt. The dominance of chalcopyrite over Ni-sulphides is reflected 
by the high average Cu/(Cu+Ni) ratios (Fig. 6.1). The lower average in the Amy Lake zone as compared 
to Wisner reflects mineralogical differences, i.e., the more significant amounts of millerite associated 
with hydrothermal sulphide assemblages in the former location (Chapter 4.3). There is an increase in the 
Cu/(Cu+Ni) ratio with increasing S especially at Amy Lake (Table 6.3), suggesting that Ni-bearing 
sulphides are preferentially concentrated in the disseminated mineralization. 
 
Fig. 6.1 Histograms showing the distribution of Pt/(Pt+Pd) and Cu/(Cu+Ni) ratios in the 
Wisner Southwest and Amy Lake PGE zones. 
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6.3 Similarities to other footwall occurrences with low-sulphide components 
The attained distribution patterns, tenors and ratios were compared to other footwall systems, 
from which data of this kind have been published. Pt and Pd in the Amy Lake, Southwest and South 
zones (Péntek et al., 2008) show similarly strong correlations with each other as well as with Te, Bi and 
Ni, which is explained by the similar PGM present in these areas. In contrast, no correlation was found 
between Pt and Pd in the hybrid Broken Hammer deposit, where Pt is in weak positive relationship 
with As only, and Pd correlates well with Te, In and Sn (Péntek et al., 2008). The lack of correlations 
between PGE and Cu as well as PGE and S was only observed in this study, whereas in the Broken 
Hammer zone Pd, in the South zone both Pd and Pt show strong positive correlations with Cu and S. 
Average metal ratios of the studied areas are in good agreement with the average ratios 
characteristic to footwall deposits in general. Average Pt/(Pt+Pd) ratios close to 0.5 were reported from 
the Wisner South and Broken Hammer zones (Péntek et al., 2008), the Strathcona Deep Copper zone 
and the Barnet showing (Farrow and Watkinson, 1997). The strong Cu-enrichment revealed by the 
Cu/(Cu+Ni) values is characteristic to all footwall deposits in the Sudbury mining camp (Chapter 2.4.2). 
The distributions of metal concentrations, tenors and ratios among groups with different sulphide 
contents were compared to data from the Broken Hammer zone (Péntek et al., 2008), as well as the 
sharp-walled McCreedy West 700 Complex, the hybrid Podolsky North and 2000 zones, and the low-
sulphide McCreedy West PM deposit (Farrow et al., 2005). According to these studies, disseminated 
sulphide carrying the highest average tenors of Pt+Pd, as seen in the Southwest and Amy Lake zones, 
was found in the Broken Hammer and PM deposits, whereas in the sharp-walled and other hybrid 
examples those are associated with more massive (above 5 wt% S) sulphide intervals. Decreasing 
Pt/(Pt+Pd) ratios with increasing S content are common features of all deposits used as a comparison; 
among them, the smallest difference between S-poor and S-rich categories is exhibited by the PM and 
2000 zones (ca. 20–25%), and the largest decrease belongs to the 700 Complex and Broken Hammer 
(ca. 50%). Increasing Cu/(Cu+Ni) ratios towards higher sulphide-contents characterize all footwall 
occurrences.       
6.4 Summary and interpretation of the metal geochemical data 
Pt and Pd behave similarly in a geochemical aspect, as they are strongly correlated and have 
similar relationships with base metals and pathfinder elements. Their distribution is in part 
independent of sulphide minerals, which is reflected by their weak correlation with Cu and S, as 
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well as by the high Pt-Pd tenors associated with disseminated sulphide instead of more massive 
mineralization 
There is generally a good positive correlation of pathfinder elements with base metals and PGE, 
which is indicative of the mineralogy of a given mineralized system. Differences in correlation 
patterns among the Southwest and Amy Lake zones reflect different platinum-group and trace 
metal mineral assemblages. 
Decreasing Cu/(Cu+Ni) ratios with increasing S-contents suggest the predominance of Ni-
sulphides in the disseminated texture group. 
The behaviour of Cu, Ni, Pt and Pd concentrations, ratios and tenors in the two areas are in 
good agreement with the distribution patterns observed in the low-sulphide PM deposit (Farrow 
et al., 2005), and show similarities to a lesser extent to Broken Hammer, a hybrid deposit with 
significant low-sulphide component (Péntek et al., 2008). 
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CHAPTER 7 – CHARACTERIZATION OF THE PROPERTIES OF FLUIDS INVOLVED IN THE 
HYDROTHERMAL EVENTS 
The properties of hydrothermal fluids were assessed by means of fluid inclusion studies and stable 
isotope analyses in order to outline possible fluid sources, fluid development, and genetic relationships 
between alteration groups. 
7.1 Results of the fluid inclusion studies 
Fluid inclusion petrography was carried out on all suitable samples from the Wisner and Amy Lake 
areas, whereas microthermometric studies were focused on samples representing the different alteration 
styles identified in the Amy Lake zone. Due to the lack of extensional epidote vein samples suitable for 
microthermometric analysis from this area, analogous specimens from the Wisner Southwest zone have 
been used for such purpose. The fluid inclusion properties of the shear-type epidote-quartz alteration 
have also been analyzed in the Skynner Lake area. 
7.1.1 Fluid inclusion petrography 
According to the observed phase compositions at room temperature, three major types of fluid 
inclusions were identified in the samples. 
Type I saturated aqueous inclusions contain daughter minerals with liquid and vapour phases. In the IA 
subtype, inclusions have 10 vol% vapour and variable amount and volume of daughter minerals. 
Among these, halite is a constant constituent and its volume is inversely related to the proportion of 
other daughter minerals. There are type IA inclusions in which the volume of halite is relatively small 
(30-40 vol%) and there are up to three additional daughter minerals (Fig. 7.1a). Solid phases with 
relatively high refractive indexes, greenish colour, weak anisotropy and acicular to anhedral habit are 
probably heavy metal (Pb-, Fe-) chlorides (Molnár et al., 1999), whereas an acicular isotropic phase with 
low refractive index and greater solubility than halite is most likely sylvite (Fig. 7.1b). Another kind of 
type IA inclusions contains relatively large (40–80 vol%) halite with no visible additional daughter 
minerals (Fig. 7.1c). Type IB inclusions contain about 10 vol% of vapour and 10–20 vol% of halite (Fig. 
7.1d). 
Type II unsaturated aqueous inclusions contain no daughter minerals, and the volume of vapour phase 
is constantly around 5–10 vol% among the synchronously trapped inclusions (Fig. 7.1e).  
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Fig. 7.1 Photomicrographs of the most typical fluid inclusion types. (a) Primary type IA inclusion with 
several daughter minerals (sample BRT-01). (b) Group of secondary type IA inclusions with elongated 
daughter mineral (probably sylvite) dissolving typically below 100°C (sample BRT-01). (c) Primary type 
IA fluid inclusion with a single large halite daughter mineral (sample 600373). (d) Type IB fluid 
inclusions with halite volume around 10% (sample L400-06). (e) Secondary type II fluid inclusions 
(sample BRT-01). (f) Type III carbonic-aqueous inclusion (501472). (H: halite, L: liquid, Laq: aqueous 
liquid, Lcar: carbonic liquid, S1,2: unknown daughter phases, V: vapour, Vcar: carbonic vapour) 
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Type III carbonic-aqueous inclusions are typified by highly variable vapour volume (30 to apparently 100 
vol%) among synchronously trapped inclusions, and the absence of solid phases. A carbonic liquid, with 
or without a visible carbonic vapour phase, is present beside the aqueous liquid (Fig. 7.1f). 
Occurrences of various types of fluid inclusions specific for alteration types are summarized in 
Table 7.1. Type IA fluid inclusions occur as isolated objects or clusters, as well as along growth zones in 
quartz in FWGR, FWGR-associated epidote-amphibole alteration, PGM-bearing sulphide-silicate 
assemblages, and extensional epidote and quartz-sulphide veins. The textural position of these 
inclusions implies their primary origin. In pervasive FWGR-associated epidote-amphibole alteration, 
type IA inclusions, early secondary in origin, appear along short planes not cutting grain boundaries, 
whereas in extensional epidote and quartz-sulphide veins type IA objects were occasionally observed in 
secondary fluid inclusion planes that cut the grain boundaries of quartz.  
In all samples containing primary polyphase fluid inclusions, the type IB inclusion group is 
secondary. However, quartz in shear-type veins contains primary type IB inclusions both in the Amy 
Lake and Skynner Lake areas, whereas type IA fluid inclusions are completely absent from these 
samples. Secondary type II objects are present in all studied mineral assemblages but in the calcite of 
calcite-chlorite alteration some of them are also primary. Type I inclusions do not occur in this 
alteration type. 
Type III inclusions are located exclusively in the inclusion-rich cores of rock-forming quartz, and 
are completely absent from both the rims formed by recrystallization due to the thermal effect of the 
SIC, and from the Sudbury-related and post-Sudbury specimens. 
7.1.2 Fluid inclusion microthermometric data 
Total homogenization temperatures and detailed microthermometric characteristics of fluid 
inclusions analyzed are summarized in Figure 7.2 and Table A3. As type III inclusions proved to be pre-
Sudbury Event in origin, and, therefore, irrelevant to the present study, no microthermometric analysis 
was carried out on them. 
Total homogenization of primary type IA inclusions took place by the dissolution of halite or 
other daughter minerals, if present, in the temperature range of 333 to 560°C. Several inclusions leaked 
or decrepitated before homogenization; microthermometric data for these inclusions are not 
considered. Detailed description of microthermometric behaviour of these inclusions is presented in 
Molnár et al. (2001). No exact measurements on the type IA group were possible in the FWGR-
associated epidote-amphibole alteration due to the decrepitation of the inclusions at 320 to 460°C, at  
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Table 7.1 Summary of fluid inclusion types associated with the studied alteration assemblages.
Note: Fluid inclusions are hosted by quartz, except those observed in calcite-chlorite alteration where the host mineral is 
calcite. 
Type III inclusions are found to be pre-Sudbury in origin, and, therefore, are disregarded in the summary.
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Fig. 7.2 Total homogenization temperatures (Th(total)) measured in quartz and calcite from various alteration 
and vein assemblages. Extensional epidote vein samples were taken from the Wisner Southwest zone, other 
samples are from the Amy Lake PGE zone. Note that temperature data gained from primary fluid 
inclusions in pervasive FWGR-associated epidote-amphibole samples are decrepitation temperatures (Tdecr) 
only; for details refer to the text. 
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which point complete dissolution of halite and partial (30–50% by volume) dissolution of daughter 
minerals had already occurred. Decrepitation temperatures for this type of alteration only are considered 
as very rough underestimates for minimum trapping temperature. 
Secondary type IA inclusions in extensional epidote and quartz-sulphide veins reached total 
homogenization by dissolution of halite at temperatures ranging from 230 to 345°C. Dissolution of the 
other daughter mineral occurred before the homogenization of the vapour phase, at temperatures as 
low as 59 to 99°C, compatible with sylvite. 
Freezing of type IA inclusions, despite cycled cooling runs at -180°C, was never achieved probably 
due to the difficulty of nucleation of ice and hydrates in chemically complex inclusions (Shepherd et al., 
1985). Salinities estimated for these inclusions are based on halite dissolution temperatures and range 
from 30.56 to 68.14 NaCl equivalent wt%. The variety of salinity values not only reflects different 
trapping conditions, but may be more influenced by the presence of cations other than Na in the 
solution, affecting the solubility of halite (Linke, 1965). 
Total homogenization behaviour of type IB inclusions is typified by the dissolution of halite in the 
temperature range from 134 to 420°C in different samples, but rare examples of vapour as the final 
phase to homogenize were also observed. In the Amy Lake zone, primary inclusions of this group 
found in shear-type epidote-quartz veins showed temperatures 166 to 285°C, and corresponding 
salinities of 30.3 to 37.0 NaCl equivalent wt%. Eutectic temperatures of type IB inclusions indicate a 
NaCl-CaCl2-H2O model composition, in which the concentrations of NaCl and CaCl2 range from 13 to 
34 and from 5 to 26 wt%, respectively, as calculated from ice melting and halite dissolution 
temperatures (Fig. 7.3; Williams-Jones and Samson, 1990). Primary IB inclusions show a narrower range 
of 14 to 24 and 16 to 21 wt% NaCl and CaCl2 concentrations, respectively. In the Skynner Lake shear-
type samples, primary IB inclusions were observed to have very similar temperature and salinity 
characteristics (Fig. 7.3, Table A3).    
Type II inclusions homogenized at the lowest temperatures (52–246°C), among which primary 
inclusions in calcite-chlorite alteration gave values between 76 and 168°C. Salinities, based on the 
eutectic and melting temperature of ice in cooling runs, range from 2.63 to 30.53 CaCl2 equivalent wt%. 
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Fig. 7.3 Composition of individual type IB fluid inclusions projected onto the NaCl-CaCl2-H2O ternary. 
(After Williams-Jones and Samson, 1990.) 
7.2 Stable isotope studies 
Stable isotope studies (O, D, H and S) were carried out to characterize the isotopic properties of 
the different hydrothermal systems through investigating silicate and sulphide samples based on 
alteration types and geography.  
Previous stable isotope studies in the Sudbury structure have focused mostly on the isotopic 
properties of recent groundwater (Frape and Fritz, 1982), O isotope characteristics of various rock units 
in the Sudbury structure (Ding and Schwarcz, 1984) and a few on alteration-related topics within and 
above the SIC (Campos-Alvarez et al., 2010; Ames, 1999). Hydrous silicates (including epidote) from 
several footwall deposits were analyzed by Marshall et al. (1999) for O and H isotope ratios; however, 
there is no detailed petrographic description given in their study regarding the alteration group the 
samples belong to. Oxygen and chlorine isotope studies were carried out recently on FWGR minerals 
(Hanley et al., 2011). Sulphur isotopes in contact, offset and footwall ore samples, as well as in various 
footwall rocks were investigated by Schwarcz (1973) and Ames et al. (2010b). 
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7.2.1 Oxygen and hydrogen isotopes in epidote and quartz 
Using epidote for stable isotope analyses was a fortunate choice because it is the main constituent 
of most studied mineral assemblages and its commonly coarse-grained habit enabled the preparation of 
mineral separates of great purity. Quartz in some samples appeared to be in petrographic equilibrium 
with epidote, therefore it was also analyzed in order to obtain temperature estimates based on oxygen 
isotope fractionation between epidote-quartz pairs. Analysis of epidote was carried out in a total of 12 
samples from the Amy Lake and Wisner areas, oxygen isotope ratios of coeval quartz were also 
determined in 4 of these samples (Table 7.2). The separates were prepared from pervasive FWGR-
associated epidote-amphibole alteration, extensional and shear-type epidote-quartz vein assemblages; 
the fine grain size of poikilitic epidote and its tendency to host and/or be intergrown with other OH-
bearing minerals prohibited isotope studies on the silicate selvages of sulphide-silicate assemblages. 
FWGR-associated epidote has 18O values close to 0 ‰, whereas the range of extensional samples 
span from 1.34 to 5.75 ‰ (Table 7.2). Shear-type epidote gave 18O ratios ranging from 3.78 to 5.43 ‰. 
All epidote types have similar D values ranging from -33.00 to -44.85 ‰ (Table 7.2). 
When calculating the isotopic composition of the fluid in equilibrium with the epidote, model 
temperatures were assessed based on (1) existing microthermometric data of the given sample, (2) 
temperature gained from microthermometry on similar samples from the same alteration group, and/or 
(3) temperature calculated from epidote-quartz pairs using the equation of Matthews (1994). Because of 
the high pressure present at the trapping of type I fluid inclusions, and because these inclusions 
homogenized by daughter mineral dissolution, total homogenization temperatures of these inclusions 
approximate well the trapping temperatures of the fluids in the Sudbury structure as graphic 
presentations by Molnár et al. (2001) have shown. The 460°C model temperature for FWGR-associated 
epidote formation is estimated with the maximum decrepitation temperature of similar samples, which 
is reasonable considering that this coincides with the minimum total homogenization temperatures 
measured in the genetically related FWGR miarolites. The average total homogenization data of primary 
fluid inclusions of the respective alteration group within the area were used for the extensional and 
some shear-type veins (Table 7.2). 
Quartz-epidote pairs in extensional veins gave temperatures around 360°C, which are at least 40°C 
lower than those indicated by microthermometry (cf., Table A3). From one shear-type sample, however, 
the temperature that was calculated the same way is basically the maximum temperature acquired by 
fluid inclusion studies. One explanation for the discrepancy may be that despite the petrologic 
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equilibrium between epidote and quartz, isotopic equilibrium has not been achieved or been later 
modified by re-equilibration of epidote in extensional veins. However, the very consistent temperatures 
calculated in samples from different areas suggest otherwise, and another possibility is that the model 
used has a higher accuracy in lower temperatures. 
Oxygen isotopic properties of the fluid in equilibrium with epidote at given temperatures were 
calculated using the modified increment method of Zheng (1993), which was developed for 
temperatures ranging from 0 to 1200°C. Similar values (typically in the <1 ‰ range) were independently 
obtained from 18O data of quartz (where applicable) using the model of Ligang et al. (1989). Oxygen 
isotope values calculated for the SIC-driven fluids show a wide range from 0.69 to 6.29 ‰ with the two 
pervasive FWGR-associated epidote samples having the lightest ratios, whereas shear-type samples 
representing the regional fluid event plot into a much narrower range of 1.61 to 3.27 ‰ (Table 7.2, Fig. 
7.4). 
The fractionation of hydrogen between epidote and the coexisting fluid is a less well understood 
process with great controversies in the experimental data (Morrison, 2004, and references therein). For 
this study, the equation of Chacko et al. (1999) was chosen to calculate the isotopic properties of the 
Sudbury fluid, as the calibration temperature and pressure of the model (300 to 600°C at 2.1 kbar) 
coincides best with the temperature and pressure range of the Sudbury hydrothermal system. For the 
low-temperature regional hydrothermal fluid, the equation of Graham et al. (1980), calibrated for 200 to 
300°C at 2 kbar, was used for the same reason. Following the suggestion of Driesner (1997), the Dwater 
values were then corrected to 1.5 kbar, the most probable paleopressure present at the formation of the 
hydrothermal systems in question (Molnár et al., 2001; Péntek et al., 2009), to eliminate the pressure-
dependent effect of changes in vibrational frequency of water molecules, and, thus, fractionation of 
hydrogen. The final values show that the SIC-driven fluid was enriched in D (2.89 to 7.54 ‰), whereas 
the regional fluid had light isotope ratios (-5.66 to -13.81 ‰) (Table 7.2, Fig. 7.4). 
The isotope data of epidote from Marshall et al. (1999) was recalculated to gain information on the 
isotopic properties of fluids associated with other, more voluminous footwall mineralization. The study 
included Sudbury-related mineral separates of epidote, amphibole, quartz, and one of biotite, but for the 
purpose of the present investigation only epidote was chosen to be considered. The main reason for this 
is that this way uncertainties arising from the different models developed for different mineral phases 
can be excluded, especially as the fractionation of hydrogen in amphibole (particularly in actinolite) is 
  
95
CHAPTER 7 – CHARACTERIZATION OF FLUID PROPERTIES 
Fig. 7.4 Calculated oxygen and hydrogen isotope ratios of the fluids in equilibrium with various epidote 
assemblages. Signs indicate most probable compositions calculated by model temperatures according to Table 
7.2; error bars show possible isotope ranges at 1 to 2 kbar pressure and minimum to maximum temperatures 
representing each alteration group. Temperature ranges used were 450–500°C for FWGR-associated epidote, 
400–500°C for extensional epidote, 200–270°C for shear-type epidote, and 350–500°C for the recalculated 
data of Marshall et al. (1999). Established error bars show that extremities do not cause considerable 
divergence from the most probable isotopic properties in the case of Sudbury-related samples; however, data 
points of the late regional fluid may shift significantly towards lighter isotopic compositions. 
even less understood and experimental data are more controversial, than in the case of epidote (e.g., 
Suzuoki and Epstein, 1976; Graham et al., 1984; Vennemann and O’Neil, 1996). 
Recalculation of the data was necessary for several reasons. The original model used to calculate 
the oxygen isotopic properties of the fluid in equilibrium with epidote at 300°C was a linear regression 
of the equation of Matthews et al. (1983), which was calibrated to zoisite-water equilibrium in the 
temperature range of 400 to 700°C, thereby affecting the values by additional uncertainties. 
Furthermore, the 300°C model temperature that was originally used based on epidote-quartz pairs 
according to the equations of Matthews et al. (1983) seems underestimated compared to temperatures 
obtained by microthermometric studies from footwall mineralization all around the SIC (e.g., Marshall 
et al., 1999; Molnár et al., 1997, 1999, 2001; present study). The model temperature was re-assessed by 
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the updated epidote-quartz fractionation equation of Matthews (1994), which gave temperatures in the 
range of 305 to 338°C. As the example of the extensional veins of this study shows, these temperatures 
are still underestimates of the minimum formation temperatures deducted from fluid inclusion data by 
at least 50°C, therefore the model temperature of 350°C was chosen to evaluate the isotopic properties 
of the fluid. For this, the same equations were used as above: Zheng (1993) for 18O and Chacko et al. 
(1999) with pressure correction according to Driesner (1997) for D. The re-calculated data show 
oxygen and hydrogen isotope ratios for fluids from -2.49 to 4.61 ‰ and from 14.44 to 33.44 ‰, 
respectively (Table 7.2, Fig. 7.4). 
Figure 7.4 summarizes the 18O and D properties of the fluid in equilibrium with various 
alteration minerals. The samples from large footwall deposits seem to define a trend similar to that 
established by Marshall et al. (1999), but are shifted towards heavier isotope ratios. Samples from 
Sudbury-related alteration groups analyzed in the present study show a different trend typified by 
variable 18O properties as opposed to much more constant D values, and separate well from the 
group of shear-type samples, suggesting that the origin and/or evolution of the two fluids were 
different. Calculated D values of fluids, especially those generating the alteration presented in Marshall 
et al. (1999), are, however, surprisingly high, and cannot be explained by simple mixing of magmatic 
fluids (typically -50 to -80‰ D) and saline groundwater of the Canadian Shield (around -30 to -90‰ 
D: Frape and Fritz, 1982).    
7.2.2 Sulphur isotope ratios 
Chalcopyrite has been analyzed from low-sulphide occurrences at the Amy Lake, Wisner South, 
Southwest and Broken Hammer zones, representing sulphide samples associated with FWGR, 
hydrothermal veins and patches. An about 30 m long and 1 m wide sharp-walled massive sulphide vein 
was also sampled at Broken Hammer for comparative purposes.  
Sulphur isotope ratios in low-sulphide samples are between 1.6 and 6.1 34S ‰ (average: 4.2 ‰, 
SD: 1.1 ‰), with no obvious isotopic differences between chalcopyrite of different textural appearance 
(Table 7.3). In contrast, sharp-walled vein samples are generally heavier and have a narrower range from 
4.9 to 6.2 34S ‰ (average: 5.6 ‰, SD: 0.4 ‰) (Table 7.3, Fig. 7.5). In all areas excluding the Southwest 
zone, the average isotope ratios of both low-sulphide and sharp-walled samples are significantly higher 
than the North Range average (ca. 3.2 34S ‰ and 3.8 34S ‰, respectively) established by Ames et al. 
(2010b).  
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BHS-11 sharp-walled 6.1 5.6 1
BHS-12 amphibole-sulphide vein 2.6
BHS-13 patchy 5.5
BHS-14 sulphide vein 4.0
BHS-15 amphibole-sulphide vein 3.5
BHS-16 sulphide vein 6.1
BHS-17 sulphide vein 5.0 4.5 2 5.2
BLS-01 sulphide vein 1.6
BLS-02 sulphide vein 4.1
BLS-03 patchy 4.2
BLS-04 sulphide vein 3.0






SW-01 sulphide vein 2.8 3.3
S-01 sulphide vein 3.8
S-04 patchy 5.6
S-08 sulphide vein 4.6






SZE-06 FWGR/sulphide vein 5.6 4.9
604011 FWGR 3.4
F-0707 FWGR 4.3
FST-04 sulphide vein 4.9
FST-05 sulphide vein 4.2
L150-06 quartz-sulphide vein 5.8
L150-07 sulphide vein 4.9
L400-01 FWGR/patchy 3.8 4.5
All data in ‰ VCDT.
Mineral isotope ratios are averages of duplicate analyses, where reproductibility was <0.2 ‰
 
Fig. 7.5 Frequency distribution diagram 
of sulphur isotope ratios in chalcopyrite 
samples from the Wisner Southwest, 
South and Broken Hammer zones, as well 
as the Amy Lake PGE zone. (AVG: 
average isotope ratio, LS: low-sulphide, 
SW: sharp-walled) 
.
1 Average 34S of sharp-walled samples.
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7.3 Summary of the fluid inclusion and stable isotope data 
Type IA saturated aqueous fluid inclusions are characterized by the presence of several daughter 
minerals including halite and heavy metal chlorides, indicating a fluid of complex ion 
composition. The minimum temperature of trapping is dominantly above 400°C with high 
salinities ranging from 30 to up to 68 NaCl equivalent wt%. These polyphase inclusions are 
primary in miarolitic cavities of FWGR, pervasive FWGR-associated epidote-amphibole 
alteration, as well as sulphide-silicate, extensional epidote and type I quartz vein assemblages, 
and, therefore, reflect the parental solutions thereof.  
Type IB saturated aqueous fluid inclusions contain a single halite, giving a maximum of 20 vol% 
of the inclusion, as daughter mineral. Primary inclusions of this group were found in shear-type 
epidote-quartz veins from the Amy Lake zone and Skynner Lake property, outlining fluid 
properties (homogenization temperature ranging from 166 to 315°C with 33 to 35 NaCl 
equivalent wt% average salinity, fluid composition in the NaCl-CaCl2-H2O model system) 
identical in both areas. Secondary type IB inclusions of similar microthermometric properties 
were observed in Sudbury-related and shear-type assemblages. 
Type II unsaturated fluid inclusions contain a vapour phase (5–10 vol%) but no daughter 
minerals. They were found as secondary populations in all assemblages except for the calcite-
chlorite alteration, where they are also primary in calcite and are characterized by the lowest 
homogenization temperatures and salinities (76–168°C with 14–26 CaCl2 equivalent wt%) 
observed during the microthermometric work. They represent a CaCl2 dominated fluid system. 
The fluids in equilibrium with various Sudbury-related epidote have similar oxygen isotope but 
heavier hydrogen isotope ratios than those associated with shear-type alteration. Isotope ratios 
calculated from shear-type epidote plot in a group with narrow ranges, whereas oxygen isotope 
values of the Sudbury-related fluid range from 0.69 to 6.29 ‰ 18O. Isotope properties of fluids 
associated with various footwall deposits define a trend of decreasing D and 18O, with the 
lightest values plotting close to the ratios representing the Sudbury fluids established by present 
study. 
 Sulphur isotope ratios show no definite differences between sulphides with various texture 
types; however, the sharp-walled vein of Broken Hammer represents the heaviest isotope ratios 
in a range much narrower than assemblages of the low-sulphide systems. 
CHAPTER 8 – DISCUSSION 
CHAPTER 8 – DISCUSSION 
Detailed study of the Wisner South and Southwest zones, as well as the Amy Lake PGE zone 
revealed characteristics typical of end-member low-sulphide systems of the Sudbury footwall-type 
mineralization along the North and East Ranges. These include the dominantly disseminated to patchy 
sulphide-silicate texture with associated high Pt-Pd-Au concentrations, and the characteristic patterns of 
base and precious metal ratios and tenors (Chapter 6). By the recognition and investigation of the 
extensive alteration associated with these assemblages, it is evident that low-sulphide mineralization was 
a hydrothermal process. Hydrothermal alteration was found to be very similar in the Wisner and Amy 
Lake zones, and the study areas show common features with other footwall systems along the North 
Range of the Sudbury structure as well (Chapters 4, 6 and 7). Below, the acquired data will be used to 
establish structural and genetic relationships of studied alteration groups, the properties and evolution 
of fluids, as well as factors controlling the precipitation and appearance of low-sulphide assemblages. 
8.1 Structural and temporal relationships of the alteration assemblages 
As revealed by field and petrographic evidence as well as fluid inclusion studies (Chapters 4 and 
7.1), the SIC-driven hydrothermal system is not only represented by sulphide mineralization, but also by 
the formation of generally sulphide-free silicate assemblages filling extensional fractures.  
The syn-tectonic texture of the veins and the lack of reactivation or cross-cutting relationships between 
sulphide-bearing assemblages and dominantly silicate-filled structures indicate that all these mineral 
associations represent generally the same stage of the hydrothermal event and their spatial separation is 
a result of zonation (Chapter 8.2.3). The timing of sericitic-silicic alteration in this system remains 
unclear in lack of obtainable field and petrographic information, but based on its mineral composition it 
may represent the early, silica- and K-rich precursor to the mineralizing system, which was observed in 
some cases by Farrow et al. (1994) and Molnár et al. (1997, 1999). To have established the genetic link 
between sulphide-bearing and silicate-rich alteration is of great importance because it reveals that low-
sulphide footwall systems were generated solely by hydrothermal means and magmatic processes did 
not play a direct role in their formation. 
There was a most pronounced structural control on the migration of magmatic melts and 
hydrothermal fluids. In the Wisner and Amy Lake areas the NW–SE direction is especially important, as 
it is reflected by the orientation of breccia zones, FWGR veins (Péntek et al., 2009), vein assemblages of 
the low-sulphide system, and the sharp-walled sulphide vein trend in the Broken Hammer zone. A less 
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frequent, SW–NE direction is represented by a second set of FWGR veins and the rare, thin sulphide 
veins in the Southwest zone. Furthermore, sulphide and extensional veins in the low-sulphide domain 
of the Broken Hammer area are dominated by this direction (Péntek et al., 2008), suggesting that both 
syn-Sudbury structures may be conduits for liquids/fluids and loci of precipitation. Similar structural 
control was documented from the Onaping-Levack area by Molnár et al. (2001). The uniform 
orientation of these features also indicates that the stress field was essentially unchanged and active 
from as early as impact brecciation at least until the development of low-sulphide/sharp-walled vein 
systems. In such a structurally active environment, mobilization of liquids/fluids via brittle structures 
may have occurred several times, resulting in multiple generations of footwall-type sulphide 
precipitation in a given area. Although in the Wisner and Amy Lake areas this was not observed, it may 
be a plausible mode of mineralization in large footwall deposits. 
During the formation of shear-type veins, pre-existing structures, especially SW–NE trending ones 
of syn-Sudbury origin, were reactivated, as revealed by field and petrographic observations. 
Reactivation, however, cannot account for the high density of SW–NE (and N–S) oriented shear-type 
veins; instead it is proposed that the young hydrothermal system dominantly migrated in newly formed 
shear zones. As their Sudbury structure-wide uniform orientation suggest, their formation most likely 
post-dated the large structural deformation events in the area, latest of which was dated ca. 1.45 Ga 
(Chieflakean event: Szentpéteri, 2009). This observation supports the assumption of Molnár et al. 
(2001), who linked the “late quartz-epidote-chlorite veins” to fluid mobilization by the heat of the 1.24 
Ga Sudbury dike swarm. 
8.2 The source, composition and evolution of hydrothermal fluids 
Field and petrographic evidence, fluid inclusion and stable isotope studies, as well as trace element 
analyses revealed that two dominant and fundamentally different hydrothermal systems were present in 
the studied areas, along with a third, less marked fluid system. The mineral assemblages that these 
hydrothermal fluids generated record a complex alteration and fluid evolution history 
8.2.1 General characteristics of the fluid generations  
(1) The SIC-driven fluid in the studied areas with the high temperature (>400°C) and high salinity 
(35–68 NaCl equiv. wt%) values is in good agreement with the average “magmatic-hydrothermal” fluid 
properties established in different footwall systems in the Sudbury structure (Fig. 8.1) (Farrow and 
Watkinson, 1992; Li and Naldrett, 1993a; Farrow et al., 1994; Molnár et al., 2001; Hanley et al., 2005; 
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Fig. 8.1 Summary of total homogenization temperatures versus salinity values of fluid inclusions 
analyzed from the Wisner Southwest and Amy Lake zones. Note that temperature data for pervasive 
FWGR-associated epidote-amphibole alteration is an underestimate due to the decrepitation of 
inclusions. Salinity values are unspecific for different salt-H2O systems determined. Fluid classification 
categories are based on fluid inclusion studies from the North Range of the Sudbury structure (Molnár et 
al., 2001). The “regional fluids” category is subdivided into high- and low- to moderate salinity 
subregions, typified by type IB and II inclusions, respectively. The low- to medium salinity area is 
referred to as “shield brines” in Marshall et al. (1999). (CS: Canadian Shield) 
Péntek et al., 2008). Its average composition is governed by the initial fluid properties (Chapter 8.2.2), 
the properties of the mixing agent (Chapter 8.2.2), and the effect of fluid/rock interaction with the host 
rocks (Chapter 8.2.3). Based on direct measurements on opened fluid inclusions (Farrow et al., 1994; 
Hanley et al., 2005, 2011), fluid inclusion microthermometry (Marshall et al., 1999; Molnár et al., 2001; 
present study) and the associated alteration assemblages, the mineralizing fluid was a Na-Fe-Ca-K-Cl-
rich, oxidizing solution. Mineral assemblages associated with this fluid system are the FWGR-associated 
epidote-amphibole alteration, (probably) the sericitic-silicic alteration, extensional veins, and the 
sulphide-silicate assemblages. 
The mineral composition and major element attributes of the sulphide assemblages outline slight, 
local differences in the redox state of mineralizing fluids present in different areas. In comparison to the 
South and Amy Lake zones, poikilitic epidote from the Southwest zone was found to be comparably 
poor in Fe3+. Because other Fe-rich minerals are coeval with epidote, this difference is likely explained 
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by the redox state of the hydrothermal fluids, not the relative availability of iron. This is further 
supported by the abundance of pyrrhotite and pentlandite in the Blast trench as opposed to the pyrite-
rich nature of the South and Amy Lake zone sulphide assemblage. Fluctuation of fO2 during crystal 
growth (Holdaway, 1972; Franz and Liebscher, 2004) is recorded by alternating Fe3+-enriched and -
depleted zones of FWGR-associated epidote and extensional epidote, the latter showing a less 
pronounced difference between extremities. 
(2) The fluid resulting in the shear-type epidote-quartz vein system had moderate temperatures 
(typically 200–250°C) and high salinity (33–35 NaCl equiv. wt%), plotting in the range established as 
high-salinity “regional fluids” by Molnár et al. (2001) in the North Range (Fig. 8.1). Its composition is 
Ca-Na-Fe-rich and is not influenced by fluid/rock interaction (Chapter 8.2.2). The solution was 
oxidizing but average Fe3+ content of shear-type epidote suggest a comparatively lower fO2 than that of 
the SIC-driven mineralizing fluids. 
(3) The low-temperature (<170°C), low- to medium-salinity (14–26 CaCl2 equiv. wt%) fluids, 
which may be classified as “shield brines” (Fig. 8.1), are Ca-rich and account for the widespread but 
volumetrically insignificant calcite-chlorite alteration.  
8.2.2 Sources and evolution of fluid systems 
The SIC-driven hydrothermal system 
The source and evolution of the SIC-driven hydrothermal system, as indicated by field 
observations, fluid inclusion studies and mineral chemistry, will be presented here through the example 
of the Amy Lake PGE zone, which features the most complete suite of alteration styles. 
  Field evidence shows that the earliest alteration in this system was a local process generating the 
pervasive epidote-amphibole zones and veins associated with the FWGR bodies. A number of 
observations suggest that the FWGR-associated silicate alteration is genetically related to the miarolitic 
phase of FWGR formation; the most important indicative features include the spatial association of the 
alteration with FWGR bodies and similarities to the hydrous silicate assemblage of miarolitic cavities in 
mineral composition, silicate textures, XEp contents and zonation patterns of epidote, as well as major 
and trace element contents of amphibole (cf., Péntek et al., 2009, 2012). Apart from fluid inclusion 
evidence, the presence of allanite and REE-epidote in the pervasive zones, as well as the high U and Th 
contents of epidote suggest the magmatic-hydrothermal origin of this mineral assemblage. High LREE, 
Th and U contents of the FWGR-derived fluid are inferred based on the common REE- and 
lanthanide-bearing minerals in the miarolitic infillings (allanite, REE-bearing titanite: Péntek, 2009). The 
103
CHAPTER 8 – DISCUSSION 
miarolitic cavity analyzed in the present study contained no allanite but significant amounts of titanite, 
which may be responsible for the relatively low REE concentrations and variable sizes of Eu anomaly in 
epidote. The decreasing bulk TPM values of the FWGR-associated assemblage and the decreasing trace 
element (REE, Th, and U) concentrations of epidote from the pervasive zones to FWGR-associated 
epidote veins suggest the waning of the magmatic-hydrothermal component in the fluid. Based on the 
relatively low salinity of primary type IA fluid inclusions (30–35 NaCl equiv. wt%, Table A3) in the 
FWGR-associated epidote-amphibole assemblage as compared to those in FWGR bodies, mixing with 
externally derived lower salinity fluids seems plausible. A possible mixing agent is the saline 
groundwater that was present in the Sudbury area (Frappe and Fritz, 1982), and which has been widely 
suggested to have mixed with magmatic-hydrothermal fluids in the Sudbury footwall (Farrow, 1994; 
Marshall et al., 1999; Hanley et al., 2005, 2011). The decreasing trend of REE and lanthanides in 
FWGR-associated epidote-amphibole alteration and low REE concentrations in younger epidote 
generations (both syn- and post-Sudbury) indicate that there was no significant additional supply of 
magmatic or other high-REE fluids (as a mixing agent) to the system in the studied areas. 
The similar alteration halo, orientation and amphibole chemistry of FWGR-associated epidote 
veins and extensional actinolite veins indicate that the two vein assemblages were formed from similar 
fluids. As field evidence shows, the formation of the Bay Fault likely occurred in the waning stage of the 
FWGR-associated alteration, when the vein-filling FWGR-associated assemblage formed (Chapter 4). 
Extensional veins and sulphide-silicate assemblages were, however, clearly related to a fluid migration 
that was controlled by brittle structures (Chapter 4), which are represented by the Bay Fault zone in the 
Amy Lake area. The wide REE concentration range in poikilitic epidote (Table A2) and the occasional 
REE-bearing trace minerals reported from other localities (e.g., Farrow, 1994) in the hydrothermal 
sulphide-silicate assemblage, together with high salinity values of primary fluid inclusions, indicate that 
these mineralizing SIC-driven fluids had a magmatic component but were diluted to various degrees by 
mixing with an external fluid, possibly saline Canadian Shield groundwater. A similar mixing 
phenomena was quantified recently at the Onaping-Levack area of the North Range, where up to 70% 
saline groundwater component was established beside magmatic-hydrothermal fluids based on fluid 
inclusion compositions (Hanley et al., 2011). The patchy zonation of poikilitic epidote related to this 
fluid, with Fe3+-rich, chalcopyrite-associated and Fe3+-poor, chalcopyrite-free zones, as well as with the 
extremely scattered base metal and pathfinder element concentrations, suggest the coexistence of 
microenvironments during crystal development, which may be the result of a poorly mixed fluid.    
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The pervasive FWGR-associated alteration is characterized by high Ni/Cu ratios, as revealed by 
mineral compositions (predominance of millerite over chalcopyrite) and trace element concentrations 
(Ni-enriched PGM and hydrous silicates), as well as high PGE/S ratios (several tens of ppm Pt+Pd 
with S contents below 0.2 wt%), which is in contrast to the high Cu/Ni ratios in the sulphide-silicate 
assemblages. No unambiguous evidence (i.e., zonation) was found indicating that beside the Ni-rich 
alteration a more Cu-rich FWGR-associated assemblage existed; such spatial separation could probably 
have been observed given the local scale of the fluid migration associated with this process. Although 
chalcopyrite may appear in abundance in patches and veinlets physically associated with FWGR bodies, 
it is unclear whether these are actually genetically related to the FWGR. While Péntek (2009) suggested 
that these Cu-rich assemblages are co-genetic with the FWGR, others debate the contribution of fluids 
segregated from FWGR to the genesis of such chalcopyrite-bearing assemblages, and suggest that the 
sulphides are later replacive assemblages formed by fluids that followed structures pre-defined by 
FWGR veinlets (Hanley et al., 2011). The striking textural and compositional similarity of chalcopyrite-
rich patches in FWGR to the sulphide-silicate assemblage (e.g., identical hydrous silicate selvage 
dominated by poikilitic epidote, very similar sulphide and PGM assemblage, cf., Péntek, 2009) supports 
the later model. Therefore it is not evident that the FWGR-derived fluid contained Cu. 
On this basis, the Cu-rich nature of hydrothermal sulphide mineralization may reflect different 
metal contents of the parental solution relative to the FWGR-derived fluid, which points to a source of 
metals other than the silicate melt of FWGR. A possible source may be the leaching of magmatically 
emplaced sulphide bodies. Since the distinction between sharp-walled and low-sulphide subtypes 
(Farrow et al., 2005), numerous examples were reported for hydrothermal remobilization of base metals 
and PGE at the deposit scale in mineralized footwall environments, where sharp-walled magmatic 
sulphide veins are suggested to have acted as the sources of metals (Kjarsgaard and Ames, 2010; Ames 
et al., 2010a; White et al., 2010; Hanley et al., 2011). Zone refinement in these environments is readily 
visible either as in situ overprint of magmatic ore by low-temperature (<600°C) hydrothermal sulphide 
and PGM assemblages, or as the association thereof with silicate minerals occurring as individual veins 
and disseminations within the deposit, commonly forming a stockwork zone around massive sulphide 
occurrences (cf., Molnár et al., 2001). This is somewhat in contrast to the original models for footwall 
deposit formation, which assumed that metals were leached from contact deposits (Farrow, 1994; 
Farrow and Watkinson, 1997; Molnár et al., 2001; Péntek et al., 2008), and to the model of Farrow et al. 
(2005) who suggested that low-sulphide systems pre-dated sharp-walled deposits. This controversy may 
be explained by multiple brittle deformation and fluid migration events accompanying the structural 
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stabilization of the Sudbury structure (Chapter 8.1). Drilling in the Amy Lake zone, for example, did not 
yet reveal any sharp-walled vein occurrence in the immediate vicinity from which base metals and PGE 
could have been locally originated; the closest possible source that we know of for the Amy Lake low-
sulphide system may have either been the sharp-walled Capre 3000 deposit (ca. 800 m horizontal 
distance), with which it shares the same structural corridor, or the Capre contact deposit (ca. 1 km 
horizontal distance). This suggests that hydrothermal fluids were capable of redistributing base metals 
and PGE on a much larger scale, and to generate end-member low-sulphide zones at least as far as 
several hundreds of meters from the magmatic source, as it is exampled by the Amy Lake and Wisner 
areas. 
Based on these observations, the chemical evolution of the parental fluid related to the FWGR-
associated epidote-amphibole alteration and the genetic relationship between FWGR-associated and 
hydrothermal sulphide assemblages may be summarized by the following multi-source fluid model (Fig. 
8.2). The genesis of FWGR bodies at the SIC/footwall contact and their injection into the footwall was 
shown to have post-dated the contact Ni-Cu mineralization event and pre-dated the formation of 
footwall deposits (Deutsch et al., 1989; Marshall et al., 1999; Molnár et al., 2001; Péntek, 2009; Hanley et 
al., 2011). The injection mechanism was suggested to have taken place by pressure-induced, temporary 
active brittle deformation in a dominantly plastic environment in the contact aureole of the SIC (Péntek 
et al., 2009) (Figs. 8.2a and b), similar to the model described by Fournier (1999) for porphyry systems. 
This may have been responsible for the distribution of silicate melts and fluids in the footwall when 
other mechanisms of large-scale fluid migration were hindered by the quasi-plastic nature of this 
environment (Péntek et al., 2009). In the first, local alteration event, magmatic-hydrothermal fluids 
segregated from the FWGR bodies and infiltrated into the immediate country rocks, where they got 
gradually diluted by saline Canadian Shield groundwater (Figs. 8.2c and d). In the meanwhile, a 
magmatic-hydrothermal fluid was segregating at the contact (or, alternatively, from sharp-walled 
systems) and was mobilized by brittle deformation, i.e., when the Bay Fault zone formed (Fig. 8.2e). The 
fluid leached base metals and PGE from existing sulphide occurrences. Along the flow path in the fault 
zone (Fig. 8.2i), this SIC-driven fluid mixed with saline Canadian Shield groundwater, and by the time it 
reached the Amy Lake zone, it became similarly diluted as the locally segregated FWGR-associated 
fluid. At this point, two systems were likely present at the same area for a short time, (1) the locally 
derived FWGR-related fluid in its waning stage where magmatic components were obscured by mixing 
with groundwater (FWGR-associated epidote veins), and 2) significant volumes of (possibly) contact- 
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Fig. 8.2 See captions on next page.
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Fig. 8.2 (Previous page) Schematic fluid source and evolution model of the Amy Lake zone showing coeval 
processes on the regional, local and outcrop scale. Alteration processes are compared at locations outside of, 
and within, the Bay Fault zone. (a) and (b) Formation of FWGR bodies in a quasi-plastic environment within 
the thermal halo of the SIC. (c) and (d) Local fluid segregation from the FWGR bodies, and mixing of 
magmatic-hydrothermal fluids with saline groundwater result in the formation of pervasive FWGR-
associated epidote-amphibole assemblages. (e) and (f) In a brittle environment, the Bay Fault zone develops 
and channels magmatic-hydrothermal fluids from the contact. Outside of the fault zone, fluids locally 
segregated from FWGR migrate into local fractures, resulting in scattered FWGR-associated epidote veins 
(g), whereas in the fault zone (h), these fluids flow along fractures related to the Bay Fault. (i) and (j) By the 
time it reaches the Amy Lake zone, the fluid flux from the contact gets diluted by saline groundwater to a 
similar degree as locally derived fluids. Extensional veins and sulphide-silicate assemblages precipitate in the 
fault zone (l), whereas outside of the Bay Fault this fluid is barely present (k). (CSL: contact sublayer, FWBX: 
footwall breccia) 
derived, metal-bearing, mixed fluids that became the dominant hydrothermal system in the area. 
Although the source locations of the two fluids are different (local vs. contact), their origin and 
evolution (segregating from magmatic liquids and mixing with saline Canadian Shield groundwater) are 
very similar, as seen by fluid inclusion and trace element studies.  
Stable isotope studies attempting the characterization of fluid sources did not yield unambiguous 
results because of the unreasonably high D values. Trends and relative differences in the isotope ratios, 
however, may still carry information on the evolution of fluids. The significant shift in 18O (FWGR-
associated and extensional epidote samples of the present study), as well as in 18O and D (recalculated 
data of Marshall et al., 1999) may represent a mixing between two agents, where one end-member is 
typified by heavier D and lighter 18O values than the other. Alternatively, the shifts may represent 
equilibration of the fluids with host rocks at different water/rock ratios (Sheppard, 1986; Taylor, 1997) 
(Fig. 8.3). Fluid/rock interaction observed in the Amy Lake and Wisner samples, as well as the 
comparatively larger volume of pervasive FWGR-associated alteration than narrow extensional epidote 
veins support the latter model, where extensional veins represent the smallest water/rock ratios and 
strongest equilibration effect by Sudbury country rocks (average: +8.0‰ in the North and East Ranges: 
Ding and Schwarcz, 1984). A simultaneous shift in both oxygen and hydrogen isotope ratios, as present 
in the samples of Marshall et al. (1999), would reflect lower water/rock ratios than systems showing 
only the oxygen-shift (Campbell et al., 1984), like the Amy Lake zone. This, however, is an unlikely case 
given the likely more significant volume of altered rocks in large footwall deposits than the Amy Lake or 
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Fig. 8.3 Interpretation of oxygen and hydrogen isotope data of fluids in equilibrium with epidote from 
different alteration groups. Oxygen isotope shift of SIC-driven fluids is likely the result of equilibration with 
Sudbury footwall rocks at water/rock ratios decreasing from Fraser samples to extensional veins, whereas 
increasing D values are attributed to the presence of various amounts of hydrocarbons in the fluids. 
Wisner zones. Instead it is proposed that the change in D values in the samples of Marshall et al. 
(1999) may be due to the contribution of different amounts of hydrocarbons to the fluid, which were 
reportedly abundant in the Fraser Mine (Hanley et al., 2005), the location of samples with the heaviest 
D values (Fig. 8.3). Addition of hydrocarbons is known to affect the D values of fluids (cf., Frape 
and Fritz, 1982). In the Amy Lake and Wisner samples, neither a significant D-shift nor hydrocarbon-
bearing fluid inclusions were observed. If D ratios are not considered, the increasing 18O ratios from 
the Fraser samples to the extensional veins of this study would reflect a decrease in water/rock ratio 
(Fig. 8.3), which is not unreasonable. 
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The post-Sudbury fluids 
The parental solution of the shear-type veins was significantly different in composition, salinity, 
temperature and isotope characteristics from that of the Sudbury-related system, confirming the 
interpretation that these veins were formed by a post-Sudbury hydrothermal event (Molnár et al., 2001). 
Fluid properties established from veins in the Amy Lake zone are generally identical to those in the 
Skynner Lake area. The salinity and Ca-Na-rich nature of the fluid is similar to that established for saline 
Canadian Shield groundwater (cf., Frape and Fritz, 1982), and with the temperature values it fits into the 
field that previous studies (Marshall et al., 1999; Molnár et al., 2001) defined as “regional fluids” 
suggesting no mixing with magmatic-hydrothermal solutions. The Sr-isotope data of texturally similar 
epidote veins cutting the SIC and Onaping Formation (Campos-Alvarez et al., 2010) revealed neither 
magmatic nor seawater components. 
 The calculated 18O data of this late fluid plot as a group with narrow ranges and show no isotope 
shift, suggesting that the isotope exchange between fluid and rock was not significant (Fig. 8.3). This 
may be a result of high fluid/rock ratios and/or negligible fluid/rock interaction, which is supported by 
the observed high density of shear-type veining, the independence from host rock compositions, and 
the lack of alteration halos along veins. 
The lower temperature, salinity and oxidation state compared to those of the average SIC-driven 
fluids may have been the reason why these circulating saline groundwaters had such a weak ability to 
remobilize and redistribute PGE from the existing footwall sulphide occurrences. As we have seen, only 
m-scale redistribution was observed. 
Along with compositional and textural uniformity as well as similar orientations at several localities 
in the Sudbury structure (Chapter 4; cf., Molnár et al., 2001), it confirms that a major post-Sudbury 
hydrothermal system existed which was regionally more widespread than the Sudbury-related 
hydrothermal event. 
8.2.3 Macro- and micro-scale zonation of low-sulphide systems: the effect of fluid-rock interaction, fluid migration patterns, 
and relative enrichment of elements 
Fluid-rock interaction played a significant role in the formation and spatial zonation of the 
different alteration assemblages associated with the low-sulphide mineralization event. The importance 
of this process is indicated by (1) host rock-dependent variation of the composition of mineral 
assemblages and trace element concentration in minerals, (2) the alteration halos associated with the 
assemblages, and (3) the oxygen isotope shift observed in the stable isotope data. 
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The appearance of amphibole is the most prominent example of the influence of fluid-rock 
interaction. As shown, the average composition of the SIC-driven fluid was dominated by Na, Fe, Ca, 
K, and Cl. Magnesium essential for the formation of actinolitic to tremolitic amphibole could have 
neither been derived from the magmatic source (Mg content insignificant as compared to Na-Ca in fluid 
inclusions of FWGR: Hanley et al., 2011) nor the groundwater component (Mg<20 mg/L in 
groundwater: Frape and Fritz, 1982) of this mixed fluid, but it was available in Mg-rich host rocks. As a 
result, amphibole veins formed by decomposition of rock-forming amphibole and pyroxene in mafic 
intrusive rocks and gneissic units, whereas in granitoids epidote-quartz veins were generated. The same 
host rock effect likely caused the appearance of titanite in amphibole veins and FWGR-associated 
epidote veins, and the elevated Ti-contents of vein amphibole and epidote samples hosted by mafic 
rocks. There, the Ti was most probably derived from the decomposition of ilmenite, as it was often 
observed in the present study and was also pointed out by Ames et al. (1998). Although the most 
prominent result of this fluid/rock interaction is the zonation defined by these extensional vein types, 
similar variations in the Sudbury-related mineral assemblages can be observed at the scale of minor 
constituents as well (Chapter 4). 
Although it has been shown that the extensional veins are generally coeval with the sulphide 
mineralization, and their zonation is caused by fluid-rock interaction instead of different influxes of 
fluids, the mineral chemistry of amphibole in veins and in association with sulphide from the Wisner 
areas indicate that the formation of amphibole veins slightly predated the main sulphide precipitation. 
Electron microprobe analysis of amphibole revealed that the rims of zoned grains in extensional 
amphibole veins are compositionally similar to actinolite associated with the sulphide veins and 
disseminations, whereas the interiors of the crystals possess lower Fe and Ni, higher K concentrations, 
and lower Fe2+/Fe3+ ratios (Chapter 5.3.2). The systematic compositional variations in the zones of 
vein-filling amphibole suggest that the core and mantle zones are likely a direct result of fluid-rock 
interaction, whereas the actinolitic rim formed from the mineralizing hydrothermal solution that was 
also involved in the precipitation of the actinolite in the sulphide-silicate assemblage. A two-phase 
process of vein formation is proposed (Fig. 8.4). In the first phase, the fluid migrating in the extensional 
fracture supplies Na and Ca to the host rock, resulting in the recrystallization of rock-forming feldspar 
into fresh albite and alteration of ilmenite into titanite. From the disintegration of amphibole and 
ilmenite in the alteration halo, Mg and Ti enter the vein cavity and result in the formation of the 
amphibole cores and mantles, as well as titanite intergrown with amphibole. The formation of the 
actinolitic rims and the interstitial assemblage of poikilitic epidote, chalcopyrite, and K-feldspar 
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presumably took place during the second phase by a later, 
metal-bearing fluid migrating into the remaining connective 
porosity of the veins. In completely sealed veins the lack of 
residual porosity did not allow the migration of the later, 
mineralizing fluid, therefore, the interstitial assemblage and the 
Ni-enriched rim are absent, and PGE contents are around 
detection limit. 
This two-phase model suggests that extensional 
(amphibole) vein formation and sulphide mineralization are 
sensu stricto two different phases of the same hydrothermal 
system. Another suggestion is that the migration pattern of the 
mineralizing fluid is locally affected by the availability of connective porosity in amphibole veins. This 
effect may be a likely explanation for the spatially very variable sulphide and PGE content of the 
amphibole veins (Chapter 5.2.2). Accordingly, the Ni-content of amphibole varies in a wide range, as 
well, contradicting the observations of Hanley and Bray (2009), who proposed a numeric estimation of 
Fig. 8.4 Two-phase model for the formation of extensional 
amphibole veins. (a) Extensional fracture appears in a mafic rock 
comprising plagioclase (fsp), amphibole (amph) and ilmenite (ilm). 
(b) During fluid-rock interaction in phase #1, SIC-driven solution 
enters the host rock and supplies Na and Ca, recrystallizing the 
feldspar mass into fresh albitic feldspars. Mg and Ti from 
decomposing amphibole and ilmenite in the alteration halo enter 
the vein cavity, where the cores of vein amphibole (amph z1) and 
titanite (ttn) form. (c) The ongoing process results in the 
consummation of hydrous silicates and alteration of ilmenite into 
fine-grained titanite mass in the alteration halo, and further 
precipitation of Mg-Ti-rich amphibole (amph z2) and titanite in 
the vein. Some veins are completely sealed by this process in phase 
#1. (d) If complete filling does not occur, the mineralizing fluid 
flux that uses the same structural corridor may be introduced into 
the open pore space in phase #2, resulting in the precipitation of 
the actinolitic rim (amph z3), poikilitic epidote (poik ep), 
chalcopyrite (ccp), and trace K-feldspar (not indicated). 
112
CHAPTER 8 – DISCUSSION 
distance from footwall sulphide zones based on the Ni-content of vein amphibole on the Barnet 
property. Applying this numeric model to amphibole veins occurring together with sulphide-silicate 
assemblages in the mineralized Blast trench would indicate irrational distances from 50 to as much as 
1,000 m. 
The wide range of 34S ratios observed in low-sulphide chalcopyrite samples may have been 
caused by the interaction of mineralizing fluids with different rock types, and/or mixing with SO4-
bearing groundwater (cf., Frape and Fritz, 1982) in different ratios. Neither of these processes would be 
expected to have occurred at the formation of supposedly magmatic sharp-walled veins, which could 
explain the markedly different 34S ratios and significantly narrower 34S ranges of sharp-walled samples 
as opposed to low-sulphide ones. 
The micro-scale zonation of hydrothermal sulphide patches and veins, in which the 
sulphide/silicate ratio continuously decreases from the centre towards the margins (Chapter 4.3), is a 
typical texture of the (low-sulphide) footwall sulphide assemblages. The regionally uniform texture and 
the roughly gradational shift of sulphide-silicate volume ratios without cross-cutting relationships 
suggest that this zonation is likely a result of in situ fluid evolution, where the key process was the 
relative enrichment of the elements rather than the introduction of several individual fluid fluxes. 
In the Amy Lake PGE zone, evidence of in situ fluid evolution from Ni-rich to Cu-rich 
compositions can be observed in these sulphide-silicate assemblages. The early Ni(-Fe)-sulphide 
minerals are typically accompanied by a trace mineral assemblage carrying Pd, Pt, Au, Se, Ag, Te, Bi, Pb 
and As throughout the whole extent of the Amy Lake zone. The Cu-rich phase, however, reveals 
different trace elements in the Amy Lake North and the South trench areas. In the North, there was a 
major enrichment in Ag, Bi and Se associated with Te, Pb, Pt, As, and probably Pd in this phase. Trace 
concentrations of Ag, Bi, Se and Pb in chalcopyrite were also reported from several footwall systems 
including the Wisner area and the Capre deposit (White et al., 2010). In contrast, second-phase Ag, Se 
and Te were found to be insignificant in the South trench area, defining a zonation in the Amy Lake 
low-sulphide system. 
In the Wisner areas, such significant differences between the trace element associations of 
sulphides were not observed. Interestingly, however, Ag and Se in the South zone is only present in the 
(earlier) millerite phase where it dominantly forms bohdanowiczite, whereas it is not significant in 
chalcopyrite, where Bi is bound in Pt-Pd-Cu minerals. From the chalcopyrite-dominated sulphide 
assemblage of the Southwest zone, Ag-minerals are usually entirely missing. Following the example of 
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the Amy Lake zone, the Wisner areas may represent the Ag-poor zones of the low-sulphide system, 
where more Ag-enriched parts may either be yet unexposed or eroded.      
The hydrous silicate selvage of the sulphide-silicate assemblage is the result of the final phase of in 
situ fluid evolution, where only minor to trace amounts of Cu were precipitated, but in which Pt is 
significantly enriched compared to all former phases. Significant hydrothermal enrichment of Pt was 
recently discovered in the Broken Hammer area, where a massive zone of coarse-grained epidote and 
quartz contained extremely abundant sperrylite crystals up to 13 mm in size (2011 annual report of 
Wallbridge Mining Company Ltd.). The location of this assemblage in the main ore zone and its 
similarity to Sudbury-related assemblages suggest that the alteration is a result of the Sudbury-related 
hydrothermal system, and thus it is another example of the preferential enrichment of Pt in the silicate-
dominated phase of the ore-forming process. Furthermore, a major difference in Pt:Pd ratios was noted 
by Gibson et al. (2010) between low-sulphide zones 148 (Onaping-Levack area) and 109 FW (Crane Hill 
Embayment): a ratio of 1:2 is associated with the 148 zone, where PGM are dominantly hosted by 
sulphide minerals, whereas in the 109 FW zone PGM are mostly associated with hydrothermal silicates 
and have an average Pt:Pd ratio of 2:1. 
This affinity of Pt for the latest fluid evolution phase and its separation from Pd seem to defy the 
Pt-Pd solubility trend (i.e., the solubility of Pt is generally found to be lower than that of Pd: Mountain 
and Wood, 1988). Examination of the mineral assemblages points out, however, that As may have a role 
in this reverse trend. In areas where As occurs (Amy Lake and Broken Hammer zones), in the sulphide 
mass Pd is separated from Pt into Pt-poor (most commonly Pt-free) merenskyite, whereas Pt is present 
in coeval sperrylite (Figs. 5.2a and d). In the South and Southwest zones, where the amount of As is 
insignificant, the Pt:Pd ratio in PGM varies, resulting in a wide range of mineral compositions on the 
merenskyite-moncheite and malyshevite-lisiguangite joins (Figs. 5.2a and b). The presence of Te, Se and 
As in the fluid is known to affect the solubility of Pt and Pd (Mountain and Wood, 1988), and this 
phenomenon may have a role in the separation of the two PGE. 
Although the PGM assemblage of the Amy Lake zone corresponds well with the low-temperature 
(<600°C) PGM pattern established in the North Range (cf., Farrow and Lightfoot, 2002; Ames and 
Farrow, 2007; Ames et al., 2010a; White et al., 2010), sperrylite is by far the most abundant Pt mineral in 
the area, which is an uncommon phenomenon in the East Range. North and East Range footwall ores 
carry Pt dominantly in minerals of merenskyite-moncheite composition, whereas in the South Range, 
where As is enriched as a result of fluid interaction with Huronian volcano-sedimentary rocks and 
Paleoproterozoic mafic intrusions, sperrylite is the dominant Pt mineral (Cabri, 1981; Li and Naldrett, 
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1993b; Farrow and Watkinson, 1997; Farrow and Lightfoot, 2002; Ames et al., 2003, 2010a; Ames and 
Farrow, 2007). Another exception to this trend is the Broken Hammer zone in the North Range, where 
sperrylite is the dominant Pt-mineral, as well (Ames et al., 2007; Péntek et al., 2008). In both the Amy 
Lake and the Broken Hammer zones, the local large abundance of mafic rocks is thought to be the 
source of As triggering the dominance of sperrylite. 
8.3 Factors controlling the appearance of low-sulphide mineralization 
8.3.1 Metal source 
Models on footwall ore genesis agree that base and precious metals were mobilized from a pre-
existing source, either from contact deposits (e.g., Farrow and Watkinson, 1992, 1996; Molnár et al., 
1997, 2001; Farrow et al., 2005; Péntek et al., 2008) or, in the case of low-sulphide deposits, from sharp-
walled massive sulphide veins (Kjarsgaard and Ames, 2010; Ames et al., 2010a; White et al., 2010; 
Hanley et al., 2011). The low-sulphide systems of the Wisner and Amy Lake zones are connected to 
mineralized contact environments (Fig. 8.5) that could have acted as metal sources. 
Exploration in the Wisner area has not yet revealed sharp-walled veins in the vicinity of the South 
and Southwest zones. This absence may be due to its erosion from above the present surface level or 
insufficient metal supply from sub-economic contact sulphide occurrences, such as the Rapid River 
deposit. For the Amy Lake occurrence, either the Capre 3000 sharp-walled system or the Capre contact 
deposit could have acted as a source (Chapter 8.2.2). 
Sudbury-related extensional veins and assemblages without hydrothermal sulphide mineralization 
were observed in areas where no contact mineralization is known in the vicinity (Foy, Frost Lake, 
Skynner Lake and Trill). This reveals that SIC-driven fluid circulation was widespread in the Sudbury 
area but resulted in footwall mineralization only where mobilization from a pre-existing source could 
occur. 
8.3.2 Structural control 
The role of fault zones in the transportation of metal-bearing liquids/fluids is well reflected by the 
uniform orientation of a set of Sudbury-related geological features (Chapter 8.1). The study also 
supports the traditional hydrothermal models (Farrow and Watkinson, 1992; Farrow, 1994), where 
Sudbury Breccia was pointed out to have focused the fluid flow, although here its importance in the 
fluid migration is emphasized from a slightly different aspect. 
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Fig. 8.5 The role of contact environments and the position of Sudbury Breccia bodies relative to 
impact-related fault zones in the low-sulphide mineralization. The studied areas are connected to 
mineralized contact environments by impact-related brittle structures. In the (a) Frost Lake area, where 
the Bay Fault coincides with the Amy Lake Breccia Belt, footwall sulphide precipitation occurred along 
a significant strike length, whereas in the (b) Wisner area mineralization appears to have focused to 
intersections of breccia bodies and structures running oblique to them. 
The role of Sudbury Breccia vs. brittle structures as conduits for fluids 
Throughout the Sudbury structure, footwall mineralization is typically hosted by Sudbury Breccia 
and surrounded by halogen halos (Jago et al., 1994; Hanley and Mungall, 2003), suggesting that the 
breccia belts acted as conduits for SIC-driven melts and fluids (Farrow, 1994; Rousell et al., 2003). 
Sudbury Breccia zones, therefore, are actively explored in the Sudbury mining camp, and considered to 
be channels for mineralizing liquids. Detailed mapping in the Sudbury Breccia-hosted Amy Lake and 
Wisner areas provided some additional information on the role of breccia environment and the 
mechanism of fluid transport. 
The thermally metamorphosed and plastically deformed breccia as well as the abundant FWGR 
veins reveal that the Wisner and Amy Lake areas were situated within the proximal contact aureole of 
the SIC. Fluid circulation in the Sudbury Breccia under these quasi-plastic conditions would be 
insignificant because (1) pore fluid circulation in a ductile environment is very restricted (Fournier, 
1999), and (2) the breccia matrix does not show evidence of movement greater than a few decimetres 
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(Péntek, 2009). The formation of FWGR stockworks is related to “offshoots” of liquids from the 
contact area, caused by sudden brittle episodes triggered by the tectonic readjustment of the Sudbury 
structure (Péntek et al., 2009). Metal-enriched fluids may have escaped with the FWGR melt from the 
contact (Péntek et al., 2012), but their large-scale circulation is unlikely because of the abovementioned 
reasons.  
Instead, as shown, the mineralizing system in the study areas was fracture controlled, and 
alteration took place in a completely brittle environment. It is evident from alteration mapping that 
mineralization is most abundant where Sudbury-related fractures cut Sudbury Breccia: sulphides are less 
frequent along fractures in other host rocks and mineralization in Sudbury Breccia dies out in tens of 
centimetres leaving the fracture zone. The explanation for this may be that the extremely fine-grained 
breccia matrix allows a more intense alteration due to a greater total reaction surface. Alteration halos 
along sulphide veins reaching 1 metre in width in breccia matrix as opposed to a few centimetres in 
Levack Gneiss, as reported by Molnár et al. (2001) from the McCreedy East mine, support this 
assumption. On the other hand, with the alteration being absent in breccia matrix outside of the fracture 
zones, it appears that fracture zones are the sensu stricto conduits for hydrothermal fluids, and the 
breccia acts more as a locus/trap for mineralization. 
Sudbury Breccia represents a very strong heterogeneity because of its very different grain size, 
texture and rheology compared to the surrounding footwall units, and acts as a structurally weak zone. 
This is well reflected by the preferential appearance of hydrothermal veins (both Sudbury-related and 
shear-type) and open fractures in the brecciated parts of the studied outcrops (Chapter 4, Fig. 3.4, Fig. 
8.6). The most important aspect of this is that Sudbury Breccia likely enhanced fracture propagation 
and, thereby, connective porosity, whereby the volume of rock affected by alteration also increased. The 
importance of this process has also been pointed out by other studies (Binney et al., 1994; Farrow and 
Watkinson, 1997). In this sense, Sudbury Breccia becomes a preferred pathway for fluids as it intersects 
with other structural elements. The larger the coinciding Sudbury Breccia-fault section, the more intense 
the fluid migration; therefore, breccia belts parallel and coincident with Sudbury-related structures (Amy 
Lake zone) (Fig. 8.5a) will have a larger volume affected by alteration and sulphide precipitation than 
isolated breccia bodies (Wisner Southwest zone) or belts oblique to these structures (Fig. 8.5b). 
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Fig. 8.6 Photograph demonstrating the different fracturing properties of monzonite and Sudbury 
Breccia (Trill property). (a) From the densely packed systematic joint set present in the breccia, only the 
most prominent joints appear in monzonite, suggesting that fracture propagation is significantly more 
promoted in Sudbury Breccia. (b) Close-up of the monzonite-breccia contact. Note how most fractures 
die out in the monzonite.  
8.3.3 Traps 
Sulphide precipitation was found to be induced by geochemical and textural heterogeneity of the 
footwall units. On the outcrop scale, hydrothermal sulphide seems to have favoured mafic-intermediate 
units, Sudbury Breccia and FWGR. 
The effect of host rock composition on SIC-driven fluids was demonstrated in detail in Chapter 
8.2.3. Sudbury Breccia is favourable from both compositional and textural aspects. Due to its generally 
in situ formation, the bulk composition of Sudbury Breccia reflects the composition of the surrounding 
rocks (Lafrance and Kamber, 2010); therefore, sulphide precipitation in Sudbury Breccia is likely 
enhanced in a mafic footwall environment. The extremely fine-grained breccia matrix, on the other 
hand, may allow a more intense alteration due to the greater reaction surface (Chapter 8.3.2). Sulphide 
minerals replacing FWGR veins were observed by Hanley et al. (2011), who proposed that a yet 
uncharacterized chemical reaction is responsible for this feature. 
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8.4 Comparison to other PGE-bearing igneous complexes 
Present research further supports that the low-sulphide stage of the Sudbury footwall 
mineralization event was completely hydrothermal without the involvement of magmatic sulphide 
liquids (Farrow et al., 2005; Péntek et al., 2008, 2009; Tuba et al., 2010/present study; Hanley et al., 
2011). This indicates that PGE transport and redistribution by hydrothermal fluids is not only 
chemically possible (Wood, 2002; Hanley, 2005), but may be responsible for the genesis of economic 
PGE (and base metal) deposits at significant distances from the primary igneous intrusion. 
The hydrothermal mobilization of PGE on a local scale was described from virtually every major 
magmatic Ni-Cu(-PGE) system, e.g., the Bushveld Complex (Harney et al., 1990), Coldwell Complex 
(Watkinson and Ohnenstetter, 1992; Ripley et al., 1993), Lac des Iles (Watkinson et al., 2002; Hinchey 
and Hattori, 2005; Hinchey et al., 2005), Duluth Complex (Mogessie et al., 1991), Stillwater Complex 
(Boudreau and McCallum, 1986), as well as smaller bodies as the Jinbaoshan intrusion (Wang et al., 
2008), Salt Chuck intrusion (Watkinson and Melling, 1992), Wengeqi Complex (Su and Lesher, 2011). In 
these examples, PGE remobilization has been interpreted to have been induced by deuteric fluids and 
resulted in intercumulus hydrothermal alteration characterized by a silicate-PGM±sulphide assemblage 
with elevated PGE and Cu values as compared to the primary mineralization. In other areas, however, 
the hydrothermal dispersion of Pd, Pt and Cu, along with numerous semimetals, was observed along 
large-scale brittle structures with the addition of exotic fluids. In most of these cases only parts of the fluid 
flow system were recovered: the source ore body with hydrothermally depleted PGE values (J-M reef at 
the Stillwater Complex: Polovina et al., 2004), low-grade mineralization along fracture zones (Duluth 
Complex: Gál et al., 2011), or, most commonly, the resulting PGE-rich zone (e.g., Flin Flon area: 
Bursztyn and Olivo, 2010; Rathbun Lake: Rowell and Edgar, 1986; River Valley intrusion: Price et al., 
2010). Areas where the complete system has been observed include the Ferguson Lake deposit (Campos-
Alvarez et al., 2011) and the Monchegorsk Complex (Grokhovskaya, 2010). Large-scale hydrothermal 
fluid migration along brittle structural zones resulted also in PGE mobilization at the New Rambler 
Mine (McCallum et al., 1976), where the metals are believed to have been leached from metagabbros 
and redeposited at structural intersections.  
These deposits share common hydrothermal alteration assemblages and characteristics. The most 
common silicate minerals are low-temperature amphibole (usually actinolite), chlorite, epidote (or 
clinozoisite) and variable amounts of calcite, quartz and sericite. Sulphide minerals are usually present as 
disseminations and veinlets in low to moderate vol%. The sulphide assemblages are dominated by 
chalcopyrite, pyrite and other low-T sulphides (millerite, bornite, amounts vary with deposit). In 
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contrast to magmatic PGM (e.g., native Pt, Pt-Fe alloys and PGE sulphides), Pd and Pt in hydrothermal 
environments dominantly form minerals with Bi, Te, Sb and As instead of Fe and S, as shown by 
Campos-Alvarez et al. (2011). Pd is enriched compared to Pt, and both usually show weak to no 
correlation with sulphur. Other PGE commonly associated with magmatic sulphides (e.g., Os, Ir) but 
less soluble in hydrothermal solutions are generally absent. 
These examples show that low-sulphide precious metal-rich mineralization is not unique to the 
Sudbury footwall. Because of the abundance and striking similarities of such systems, hydrothermal 
PGE mobilization and redistribution get increasing recognition by exploration companies and are being 
incorporated into exploration models. Based on similarities, three basic factors promote the 
development of a low-sulphide system: (1) PGE- (and base metal) enriched fluids accumulating in the 
source area (e.g., by deuteric processes), (2) large-scale brittle structures as conduits to these solutions 
(which also may introduce an exotic fluid component to the system), and (3) traps (geochemical, 
structural and/or textural) responsible for the precipitation of PGM (and sulphides). 
8.5 Further observations 
8.5.1 Implications for trace element incorporation in hydrothermal epidote-group minerals 
Trace element behaviour in the epidote samples was controlled by (1) fluid properties, (2) host 
rock properties, and/or (3) the crystal structure of epidote. In the first group of elements, REE, Ni, Co, 
Th and U distribution in epidote likely reflects changes in the parental fluid composition. The effect of 
host rock on trace element compositions in epidote can frequently be observed among low-REE 
alteration groups, where individual epidote grains within the same sample exhibit similar REE 
distribution patterns, but very different REE concentrations scattering up to three orders of magnitude 
in heterogeneous rocks (Sudbury Breccia, diabase), and about one and a half orders of magnitude in 
felsic rocks (Fig. 5.14). The difference is especially pronounced among LREE, whereas HREE usually 
show a narrower range. A possible explanation is that during fluid-rock interaction in felsic rocks there 
is one main source of additional REE (feldspar), while other rock types contain a wide variety of 
minerals with different levels of contributing REE (feldspar, apatite, amphibole, pyroxene, etc.). 
Most of the pathfinders (Au, Ag, Pt, Pd, Zn and Sb) have constant values in epidote regardless of 
host rock or alteration type, thus likely being limited by crystal structural factors. In contrast, Cu, Bi and 
Sn concentrations vary greatly but unsystematically, suggesting that there are more processes governing 
their substitution behaviour. There is no crystal structural reason for the generally negative correlation 
between Pb and Ni in Sudbury-related epidote, therefore, it is considered as an effect of fluid 
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composition. The appearance of elevated quantities of As in allanite and REE-rich epidote points to a 
substitution phenomenon, although the As incorporation in epidote is not well understood (Frei et al., 
2004). 
Among other elements analyzed, the distribution of LILE as well as Mg and Ti were found to be a 
function of REE by negative and positive correlations, respectively, in agreement with observed 
coupled substitution mechanisms in epidote (Frei et al., 2004). The elevated Ti and depleted Sr content 
of vein-type FWGR-associated epidote compared to other low-REE samples is most probably due to 
the presence of titanite in the mineral assemblage. 
Due to the extremely sparse trace element data on epidote in hydrothermal systems (Frei et al., 
2004), there is no basis for comparison of the Sudbury data to other areas or systems; however, our 
extensive database of trace element concentrations may be an important addition to future studies in the 
topic. 
CHAPTER 9 – SUMMARY AND CONCLUSIONS 
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9.1 The most important results of the study  
(1) The Wisner South and Southwest zones (North Range), as well as the Amy Lake PGE zone (East 
Range) expose disseminated-patchy Cu-(Ni-)PGE sulphide mineralization dominated by 
chalcopyrite, millerite and pyrite. Beside the characteristic sulphide compositions and textures, the 
distribution of base and precious metal concentrations, ratios and tenors reveal that the studied 
areas represent end-member “low-sulphide” systems of the Sudbury footwall-type mineralization. 
(2) Detailed alteration mapping, major and trace element mineral chemistry, as well as petrographic 
and fluid inclusion evidence suggest that in contrast to the dominantly magmatic “sharp-walled” 
vein systems, the low-sulphide mineralization was entirely governed by hydrothermal processes.  
(3) Hydrothermal alteration of the studied footwall units was dominantly caused by two 
hydrothermal events: one representing the mineralizing Sudbury fluid system driven by the heat 
of the SIC, superimposed by a more regional fluid migration with no ore-forming potential. The 
study revealed that the two alteration groups are readily distinguishable by textural, structural and 
mineral compositional characteristics, thereby aiding the exploration for footwall-style  
Cu-(Ni-)PGE deposits. 
(4) The Sudbury hydrothermal event caused complex alteration in the footwall units, represented by a 
set of alteration assemblages. Some of the alteration groups were recognized and linked to the 
low-sulphide systems in this study first; furthermore, the present dissertation contains the first 
detailed report on the majority of these alteration assemblages. The alteration groups revealed 
similar characteristics regionally, suggesting that similar hydrothermal processes were active in 
different areas of the Sudbury structure. 
(5) The earliest alteration associated with the Sudbury hydrothermal event was caused by fluids that 
segregated from footwall granophyre bodies locally in the footwall (FWGR-associated epidote-
amphibole alteration). The mineral assemblage involves allanite, epidote and amphibole; its 
characteristic features are the composite halo towards the host rock as well as the typical zonation 
and coarse-grained nature of euhedral epidote. The alteration appears both in physical contact 
with the footwall granophyre and as detached pervasive zones and veins. It is typified by high 
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Ni/Cu and PGE/S ratios revealed by the mineral composition as well as major and trace element 
concentrations of constituting minerals. The recognition of the alteration type supports the 
studies carried out on footwall granophyre bodies (Molnár et al., 2001; Péntek et al., 2009) that 
emphasized the mineralizing potential of fluids segregating from such granophyric rocks. 
(6) Diverse alteration is associated with the main phase of the Sudbury hydrothermal event. 
Extensional veins are typified by a syn-tectonic, antitaxial infilling, the composition of which is 
strongly dependent on the host rock type. Several types of extensional veins can be distinguished 
based on the dominant mineral assemblage, including (1) amphibole veins, (2) epidote-quartz 
veins, and (3) quartz veins. Hydrothermal sulphide-silicate assemblages comprise chalcopyrite and 
variable amounts of millerite and pyrite. The sulphide mass is surrounded by a hydrous silicate 
selvage of poikilitic epidote, dominantly actinolitic, Ni-bearing amphibole, occasional euhedral, 
Ni-bearing chlorite and quartz. The epidote hosts abundant chalcopyrite, galena and PGM 
inclusions and has a characteristically “spongy” texture and irregular, patchy zonation. The 
presence of poikilitic epidote is characteristic to the Sudbury-related alteration types only. It is 
emphasized that the hydrothermal alteration associated with the low-sulphide system is not 
restricted to sulphide-silicate assemblages but includes the (generally sulphide-free) extensional 
veins, as well. 
(7) Migration of the SIC-driven fluids took place in a tectonically active environment, and was 
controlled by brittle structures related to the formation and stabilization of the Sudbury structure. 
In the Wisner South and Southwest zones as well as the Amy Lake zone, the NNW–SSE to NW–
SE trend appears to be of major structural importance. 
(8) The high-temperature (>400°C), high-salinity (35–68 NaCl equiv. wt%), Na-Fe-Ca-K-Cl-rich 
nature of fluids representing the SIC-driven system in the studied areas is in good agreement with 
the average “magmatic-hydrothermal” fluid properties reported in different footwall systems in 
the North and South Ranges of the Sudbury structure (e.g., Li and Naldrett, 1993; Farrow et al., 
1994; Marshall et al., 1999; Molnár et al., 1997, 1999, 2001; Hanley et al. 2005; Péntek et al., 2008). 
Fluid inclusion and trace element studies suggest that although their loci of formation was 
different (local vs. possibly contact-derived), fluids associated with footwall granophyre bodies 
and those of the main hydrothermal phase are similarly magmatic-hydrothermal in origin and 
became diluted by (possibly) saline groundwater of the Canadian Shield. A similar mixing process 
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was suggested for the Onaping-Levack area of the North Range (Marshall et al., 1999; Hanley et 
al., 2011).   
(9) Fluid-rock interaction played a significant role in the evolution of the Sudbury hydrothermal 
fluids. The most important consequences of the process are (1) the spatial zonation of extensional 
veins, (2) the presence or lack of sulphide-silicate assemblages as a function of host rock 
composition, (3) enrichment or depletion of certain trace elements in minerals and mineral 
assemblages, and (4) the oxygen isotope shift of Sudbury fluids towards isotope ratios of the host 
rocks.  
(10) A similar trace metal population was associated with the low-sulphide mineralization in all areas, 
involving Pd, Pt, Bi, Te, Ag, Au, Se, Pb and Sn, as well as As being only present in the Amy Lake 
area. The concentration of these elements and their involvement in mineral phases, however, 
differ among zones. In contrast to the variety of precious metal minerals in the Wisner South 
zone (e.g., merenskyite, moncheite, malyshevite, lisiguangite, bohdanowiczite), only merenskyite is 
present in the Wisner Southwest zone along with rare grains of electrum and hessite. In the Amy 
Lake area, the trace mineral distribution differs depending on host minerals and suggests the in 
situ evolution of the fluid from an initial Ni(-Fe)-sulphide phase (associated with Au, Pd, Se, Ag, 
Te, Bi, Pb, Pt and As) to an overprinting Cu-sulphide phase (with Ag, Bi, Se, Te, Pb, and lesser 
Pd, As and Pt in the northern part of the region). The South trench area represents a Ag-, Se- and 
Te-poor zone of the Amy Lake low-sulphide system. 
(11) Platinum is strongly enriched over Pd in the hydrous silicates of the pervasive FWGR-associated 
epidote-amphibole zones and in the silicate selvage of the sulphide-silicate assemblage. In silicate 
minerals, Pt is bound in sperrylite and Pt-rich merenskyite and moncheite, whereas in sulphides 
merenskyite coexisting with sperrylite is essentially Pt-free. It is suggested that As may have a role 
in the spatial separation of Pt and Pd. 
(12) The study emphasizes three important factors controlling the formation and distribution of low-
sulphide occurrences. (1) Metal source. The Sudbury hydrothermal system had the ability of 
mobilizing Cu, Ni and PGE, but low-sulphide mineralization only occurred where pre-existing 
sulphide accumulations (e.g., contact-type Ni-Cu ores) acted as sources for these metals. In areas 
lacking such sources, the Sudbury hydrothermal system was barren (e.g., Trill, Foy, Skynner Lake 
areas). (2) Structural control. The hydrothermal fluids migrated along brittle structures (e.g., fault 
124
CHAPTER 9 – SUMMARY AND CONCLUSIONS 
zones) related to the formation and stabilization of the Sudbury structure. Sudbury Breccia belts 
enhanced fracture propagation and thus became effective media for fluid migration. The transport 
path from the metal source to the loci of low-sulphide mineralization may have reached several 
hundred metres. (3) Traps. Mafic-intermediate rocks as well as Sudbury Breccia matrix were found 
to aid sulphide precipitation. 
(13) A hydrothermal alteration, superimposed on the Sudbury-related hydrothermal assemblages, was 
observed regionally. Shear-type epidote-quartz veins are characterized by a variety of textures that 
indicate a shear-related formation. The veins represent a widespread post-Sudbury hydrothermal 
event involving Ca-Na-Fe-rich, moderate-temperature (200–250°C) and high-salinity (33–35 NaCl 
equiv. wt%) fluids. Interaction of the fluid with the host rocks was probably insignificant, and the 
ability of metal remobilization was very limited. The dominantly N–S and NE–SW orientations of 
the veins are generally uniform at different locations in the Sudbury structure, suggesting that vein 
formation post-dated the major tectonic events in the region. The observation supports the 
assumption of Molnár et al. (2001), who linked veins with similar mineral composition to the 1.24 
Ga formation of the Sudbury dyke swarm. This study presents the first detailed petrographic and 
structural investigation of the alteration type. 
(14) The calcite-chlorite assemblage, the youngest alteration type observed, is widespread but 
volumetrically insignificant. It precipitated from low-temperature (<170°C), low-salinity (14–26 
CaCl2 equiv. wt%), Ca-rich fluids, which were also recognized elsewhere in the Sudbury structure 
(Molnár et al., 2001). 
(15) As part of the study, an extensive suite of trace element data of hydrothermal epidote and allanite 
was acquired, which is valuable given the scarcity of such data in the scientific literature. Trace 
element behaviour in the epidote samples was found to be controlled by (1) fluid properties 
(REE, Ni, Co, Th, U, Pb), (2) host rock properties (LREE, Ti), and/or (3) the crystal structure of 
epidote (e.g., LILE, Mg, Ti). 
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9.2 Hydrothermal assemblages as possible tools in the exploration for low-sulphide  
Cu-(Ni-)PGE occurrences in the Sudbury footwall 
The observations reveal that a prospective area for low-sulphide footwall mineralization is (1) 
located in the vicinity of contact or, alternatively, sharp-walled deposits, (2) connected to these deposits 
by Sudbury-related brittle structure zones, and (3) exposes significant volumes of Sudbury Breccia and 
mafic-intermediate footwall units. In these areas, testing the hydrothermal assemblage is likely a 
powerful tool for surface exploration. 
In the explored area, three scenarios may be encountered based on the presence of differing 
hydrothermal alteration assemblages. In the optimal case, sulphide occurrences are readily visible on the 
surface, and are characterised by hydrous silicate selvages containing poikilitic epidote, a unique texture 
only typical for the Sudbury-related hydrothermal sulphide-silicate assemblage. The metal-enriched 
system can be confidently identified by the presence of poikilitic epidote even in macroscopically 
sulphide-free samples.   
In a less ideal case, only extensional veins are present in the field, revealing that the chosen area 
was affected by the Sudbury-related hydrothermal system. To determine whether the hydrothermal 
fluids were metal-bearing or barren, amphibole veins likely contain the most useful mineral assemblages 
to investigate. Elevated bulk TPM contents of amphibole veins, the presence of Ni-enriched actinolitic 
rims on amphibole crystals as well as poikilitic epidote and chalcopyrite in the mineral assemblage are 
indicative of a metal-enriched fluid system. The orientation of these veins reflects the major trend of 
fluid migration in the area. Samples lacking the aforementioned features most probably represent a 
barren hydrothermal cell. Because amphibole veins may be quite heterogeneous in bulk and mineral 
compositions even over small areas, a number of veins (ca. 5 to 10) should be sampled in order to 
obtain a representative picture of the area. Furthermore, the absolute Ni content of amphibole as a 
proximity indicator should be used with caution. 
Areas hosting shear-type epidote veins only were most probably not affected by the SIC-driven 
hydrothermal system, therefore are not promising candidates for exposing low-sulphide assemblages. 
Although the regional hydrothermal system that formed the shear-type veins was shown to have a slight 
capacity of remobilizing metals, the use of this alteration assemblage in exploration is unrealistic. That is 
because mobilization only occurs on a scale as small as 1–2 meters; therefore, shear-type veins are not 
able to form indicative geochemical halos around mineralized environments but practically appear 
within these areas.   
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The FWGR-associated epidote-amphibole zones and veins do not necessarily indicate the 
presence of significant sulphide mineralization, as their parental fluids segregated locally and were not 
involved in a large-scale fluid circulation. The presence of FWGR does indicate, however, a formerly 
plastic environment, and, therefore, that the area was located in the thermal aureole of the SIC. Such 





Among the Cu-(Ni-)platinum-group element occurrences hosted by the footwall units of the 1.85 
Ga Sudbury Igneous Complex (SIC) (Canada), “low-sulphide” systems possess the lowest sulphide 
content while being significantly enriched in Pd and Pt. Although the contribution of hydrothermal 
fluids to the formation of this type of mineralization has already been recognized, there is an ongoing 
discussion on the extent of hydrothermal processes involved, the source of the fluids, and the mode of 
transport. Furthermore, the characteristics of the hydrous silicates associated with low-sulphide 
occurrences had not been studied in detail, and the zonation of hydrothermal alteration was not 
recognized until this study. Therefore, distinction of commonly sulphide-free mineral assemblages of 
the low-sulphide systems from post-Sudbury alteration assemblages was problematic. 
By means of detailed alteration mapping, major and trace element analyses of minerals and mineral 
assemblages, as well as fluid inclusion and stable isotope studies, three different hydrothermal events 
have been distinguished in the North and East Ranges of the Sudbury footwall. Fluid circulation driven 
by the heat of the SIC is suggested to have occurred dominantly along brittle structures and resulted in 
the formation of sulphide-silicate assemblages containing abundant platinum-group minerals, and 
extensional veins with a composition strongly dependent on the host rock type. In a lesser volume, 
fluids segregated locally from footwall granophyre veins. The composition of alteration assemblages was 
significantly affected by fluid-rock interaction resulting in small- and large-scale zonation. It is suggested 
that low-sulphide footwall systems are entirely hydrothermal in origin, and that their formation and 
distribution were controlled by three factors: the metal source, adequate brittle structures, and trapping 
environments in the footwall. 
The second major hydrothermal system identified resulted in the formation of shear-type epidote-
quartz veins. The veins represent a widespread post-Sudbury hydrothermal event, where Ca-Na-Fe-rich, 
moderate-temperature (200–250°C) and high-salinity (33–35 NaCl equiv. wt%) fluids circulated 
dominantly along N–S and NE–SW trending brittle structures. Interaction of the fluid with host rocks 
was probably insignificant, and the ability of metal remobilization was very limited. The third and 
youngest system is represented by a replacive calcite-chlorite alteration. 
As a result of this detailed study, it is now possible to distinguish the various alteration 
assemblages based on textural, structural, and compositional criteria, thereby aiding the surface 
exploration for low-sulphide systems. Furthermore, understanding the Sudbury hydrothermal systems is 
especially important as there is a growing number of studies published on similar low-sulphide, high-




Az 1.85 milliárd éves Sudbury Magmás Komplexum (SMK) (Kanada) Cu-(Ni-)platinafém 
feküércesedései közül a „szulfidszegény” teleptípus rendkívül magas Pd és Pt tartalommal jellemezhet , 
miközben szulfidtartalma karakterisztikusan kicsi. Bár a hidrotermás folyamatok egykori jelenlétét 
ezekben az el fordulásokban nem vitatják, a hidrotermás fluidumok szerepének jelent ségér l, a 
fluidumok forrásáról és a migráció mechanizmusáról még nem született egységes modell. A 
„szulfidszegény” telepekhez kapcsolódó szilikátos paragenezisekr l és hidrotermás zonációról továbbá 
ez idáig nem készült részletes tanulmány, ezért az ércesedéseken jelenlev  ásványtársulások és a Sudbury 
rendszert felülbélyegz  fiatal, medd  hidrotermás együttesek elkülönítése problematikus volt. 
Az átalakulások részletes térképezése, ásványegyüttesek és ásványfázisok f - és nyomelem 
vizsgálata, valamint fluidzárvány és stabilizotópos vizsgálatok segítségével három különböz  
hidrotermás rendszer nyomai váltak elkülöníthet vé az északi és keleti vonulat vizsgált fekük zet 
összleteiben. A SMK h je által hajtott fluidumok dönt en rideg töréses szerkezetek mentén migráltak és 
jelent s platinaásvány tartalmú szulfid-szilikát együttesek, valamint extenziós erek kialakulását okozták, 
mely utóbbiak kitöltése a mellékk zet összetétele függvényében er sen változó. Az ún. 
fekügranofírokból lokálisan szegregálódott fluidum volumene ennél valószín leg jóval kisebb lehetett. 
Az ásványegyüttesek összetételét a fluid-k zet kölcsönhatás er sen befolyásolta, kis- és nagylépték  
zonációt hozva létre. A kutatás eredményei alapján valószín síthet , hogy a „szulfidszegény” 
ércesedések teljes mértékben hidrotermás eredet ek voltak, valamint képz désüket és elterjedésüket 
alapvet en három körülmény befolyásolta: a fémforrás jelenléte, megfelel  rideg töréses szerkezetek, 
illetve alkalmas csapdázódási környezet a fekük zetekben. 
A második jelent s hidrotermás eseményhez Ca-Na-Fe-gazdag, mérsékelt h mérséklet  (200–
250°C) és nagy szalinitású (33–35 NaCl ekvivalens súly%), É–D-i és ÉK–DNy-i csapású törések mentén 
migráló fluidumok kapcsolódtak, amelyek nyírásos epidot-kvarc ereket hoztak létre. A rendszerhez 
kapcsolódó fluid-k zet kölcsönhatás valószín leg elhanyagolható, a fluidok fémmobilizációs képessége 
er sen limitált volt. A legfiatalabb megfigyelt hidrotermás paragenezis a kalcit-klorit átalakulás.  
A kutatás egyik legfontosabb eredményeképpen, hogy a különböz  hidrotermás rendszerekhez 
kapcsolódó ásványegyüttesek elkülönítése szöveti, szerkezeti és összetételbeli sajátosságok alapján 
lehetségessé vált, ami megkönnyíti a „szulfidszegény” telepek terepi kutatását. A Sudbury-szerkezet 
hidrotermás rendszereinek ismerete azért is fontos, mert egyre több tanulmány számol be mafikus 
intrúziók környezetében megfigyelt, a „szulfidszegény” teleptípushoz hasonló hidrotermás platinafém-
el fordulásokról a világ különböz  pontjain.  
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1. Bevezetés 
Az 1.85 milliárd éves Sudbury-szerkezet a világ egyik legnagyobb meteorit kráterének maradványa, 
amely Ottawától mintegy 420 km-re keletre, Torontótól 340 km-re északra terül el. Geológiai 
szempontból három f  részre osztható: (1) a Sudbury Magmás Komplexumra (SMK), amely a 
becsapódáskor keletkezett olvadéktömegb l kristályosodott ki, (2) a becsapódás során felszabadult 
sokkhullám következtében felbreccsásodott archai és huroni fekük zet összletre, és (3) a SMK fed jét 
alkotó Whitewater Formációcsoportra, amely a kráterbe visszahullott törmelékb l és tengeri 
üledékekb l áll.        
A Sudbury-szerkezet Cu-(Ni-)platinafém tartalmú fekük zet ércesedései körül az utóbbi 20 évben 
intenzíven fellendült a kutatás. Bár a telepek genetikai kapcsolatát a klasszikus sudbury-i Ni-Cu kontakt 
ércesedésekkel korán felismerték, a kapcsolatot kialakító folyamat jellege, a fémszállító média forrása és 
a szállítódási mechanizmus kérdése napjainkig nem egyértelm en tisztázott. A Sudbury Magmás 
Komplexum (SMK) h je által hajtott hidrotermás fluidumrendszer (Farrow és Watkinson, 1992; Ames 
és Gibson, 1995; Ames et al., 1998; Marshall et al., 1999; Molnár et al., 2001) jelenléte a fekük zet 
ércesedésekben több területr l igazolt, azonban annak szerepér l a feküércesedések létrejöttében 
megoszlottak a vélemények (pl. Farrow és Watkinson, 1992; Li és Naldrett, 1993a; Jago et al., 1994; 
Morrison et al., 1994; Watkinson, 1999; Marshall et al., 1999; Molnár et al., 2001; Hanley et al., 2005). A 
feküércesedések altípusokra való osztása óta (Farrow et al., 2005) a hidrotermás fluidumok általános 
szerepe elfogadottá vált, és a tanulmányok annak megítélésére fókuszálnak, hogy az egyes altípusok 
képz désében milyen arányban vettek részt magmás illetve hidrotermás folyamatok (Farrow et al., 2005;  
Lesher et al., 2009; Péntek et al., 2009; Kjarsgaard és Ames, 2010; Nelles et al., 2010; Tuba et al., 2010; 
White et al., 2010; Hanley et al, 2011; Péntek et al., 2012). 
A „szulfidszegény” feküércesedés-típus vonzó nyersanyag-kutatási célpont nagy platinafém (PGE) 
tartalma miatt, amit jellegzetesen alacsony szulfidtartalom kísér (Farrow et al., 2005; Ames and Farrow, 
2007). Bár a feküércesedésekben általánosan, szulfiddal megjelen  szilikátásványokat több 
dokumentáció is taglalja (pl. Farrow és Watkinson, 1992; Li és Naldrett, 1993a; Farrow, 1994; Everest, 
1999; Molnár et al., 2001; Péntek et al., 2008), a „szulfidszegény” rendszerre oly jellemz , nagy 
platinafém tartalmú és uralkodóan szilikátokból álló ásványtársulások részletes vizsgálata nem történt 
meg. A „szulfidszegény” ércesedésekre irányuló nyersanyagkutatásban további problémát jelentett a 
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térségben regionálisan megjelen  fiatalabb hidrotermás rendszerek (Marshall et al., 1999; Molnár et al., 
2001) által létrehozott átalakulásoktól való elkülönítés. A különböz  átalakulási események leírása és 
jellemzése tehát szükségessé vált. 
1.1. Célkit zések  
Munkám során három „szulfidszegény” ércesedést hordozó területen készítettem részletes, nagy 
felbontású térképet hidrotermásan átalakult feltárásokról, melyek összterülete több mint 7400 m2. A tér- 
és id beli kapcsolatok és szöveti jellegzetességek meghatározásával a nyersanyag-kutatási szempontból 
perspektivikus ásványtársulások felismerése lehet vé vált, valamint kit nt, hogy a fluidumokhoz 
kapcsolódó hidrotermás átalakulás mind a SMK-mal egyid s, mind az annál fiatalabb rendszerek 
esetében nagyobb volumen  és összetettebb, mint az addig az irodalomban tárgyalásra került. A kutatás 
további fázisában ezért a következ  kérdésekre helyez dött a hangsúly: 
(1) A hidrotermás folyamatok milyen mértékben vettek részt a „szulfidszegény” feküércesedések 
kialakításában? 
(2) Milyen fázisai voltak a SMK-hoz kapcsolódó hidrotermás rendszernek? 
(3) Milyen tulajdonságokkal rendelkezett az SMK-hoz kapcsolódó hidrotermás rendszer, és 
hogyan fejl dött? 
(4) Mi befolyásolta az ásványtársulások és a platinafém-dúsulás elterjedését? 
(5) Mik voltak a jellemz i és a kiterjedése a fiatalabb hidrotermás rendszereknek? 
A kutatás a Sudbury-szerkezet számos területét érintette, közülük az északi vonulat Wisner 
területén és a keleti vonulat Amy Lake PGE zónájában történt részletes vizsgálat. Mivel a 
szakirodalomban fellelhet  munkák túlnyomó része az északi vonulat ún. Onaping-Levack körzetére 
koncentrált, a Sudbury-szerkezet kiterjedését figyelembe véve különösen fontos, hogy a Sudbury 
Hidrotermás Esemény jellegzetességei más területeken is meghatározásra kerüljenek. Annál is inkább, 
mivel az utóbbi 10 évben az érckutatás fókusza az északi vonulatról áttev dött a keleti vonulatra, 
ahonnan pedig napjainkig igen kevés publikáció született. 
Ezen kérdések megválaszolása nem csak a sudbury-i érckörzet szempontjából fontos, mivel a 
mafikus intrúziók környezetéb l leírt hidrotermás eredet  szulfidszegény, nagy platinafém tartalmú 
átalakulási zónák száma egyre n  (pl. Grokhovskaya, 2010; Campos-Alvarez et al., 2011). A Sudbury-
szerkezetben megfigyelt folyamatok tehát egy univerzális modell kidolgozását, és ezen keresztül a 
hidrotermás horizontok globális kutatását segíthetik el . 
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1.2. Alkalmazott vizsgálati módszerek 
Geológiai térképezést végeztem a Wallbridge Mining Company Ltd. tulajdonában lév  számos 
területen, amely során a litológia és/vagy hidrotermás átalakulás és töréses szerkezetek kerültek 
rögzítésre. Három ércesedett zónáról készült részletes átalakulási térkép 1:50–1:75 méretarányban. A 
vizsgált átalakulások összevetésre kerültek a Sudbury-szerkezet más területein megfigyelhet  
ásványtársulásokkal, ahol nagylépték  (1:2000–1:5000) térképezés történt, illetve az ércesedett 
területeken mélyült fúrások anyagával. 
A teljesk zet- és fúrómag-elemzések az ALS Chemex Ltd. vancouveri laboratóriumában készültek. 
Az elektronmikroszondás mérések dönt  többségben a Carleton University (Ottawa, Kanada) Camebax 
MBX készülékével történt hullámhossz-diszperzív detektálással (szilikátok: 15kV, 15nA; platinafém 
ásványok és szulfidok: 20kV, 35nA; mérési id  15-20 mp vagy 40000 beütés, kivéve F 40 mp, Ni 60 
mp). Epidot mérések szintén történtek a Montanuniversität Leoben (Ausztria) JEOL JXA 8200 típusú 
m szerén (hullámhossz-diszperzív detektálás, 15kV, 20nA), illetve amfibol ásványok lineális profilok 
mentén való vizsgálatát végeztem a Karl-Francens-Universität Graz (Ausztria) JEOL SEM 6310 
elektronmikroszkópjára csatolt energia- és hullámhossz-diszperzív rendszerén (15kV, 15nA). 
Epidot és allanit szemcsék in situ nyomelem-meghatározás LA-ICP-MS segítségével történt a 
Kanadai Geológiai Szolgálat laboratóriumában (Ottawa), egy Agilent 7700x kvadrupólus ICP-MS-re 
szerelt ArF lézer használatával. A fluidzárvány-vizsgálatokhoz az ELTE TTK Ásványtani Tanszékén 
található, h thet -f thet  tárgyasztallal ellátott Linkam FTIP 600 rendszerét alkalmaztam, illetve 
feldolgoztam a Wallbridge Mining Company Ltd. az Amy Lake zónára vonatkozó fluidzárvány 
adatbázisát. Az oxigén, hidrogén és kén stabil izotópjainak mérése az Université de Lausanne (Svájc) 
laboratóriumában készült CO2 lézer-fluorinációs (oxigén), nagy h mérséklet  redukciós (hidrogén) és 
nagy h mérséklet  oxidációs (kén) eljárással. 
2. A Sudbury-szerkezet általános földtana és ércesedés típusai 
Az 1,85 milliárd éves Sudbury-szerkezet a kanadai pajzs archai Superior és paleoproterozoós 
Southern provinciáinak szutúrazónájában fekszik, és egykori 250 km-es átmér jével egyike Földünk 
legnagyobb ismert meteoritkráterének (Dietz, 1964; Krogh et al., 1984). Három, jól elkülöníthet  
részb l áll, (1) a meteorit becsapódás során sokkmetamorfózist szenvedett és breccsásodott fekük zet 
összletb l, (2) a becsapódáskor létrejött olvadéktakaró differenciációjából és frakcionációs 
kristályosodásából létrejött Sudbury Magmás Komplexumból (Sudbury Igneous Complex), valamint (3) az 
azt fed , az egykori krátert kitölt  visszahullott k zettörmelékb l és pelágikus üledékekb l álló 
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Whitewater Formációcsoportból (Dressler, 1984a; Krogh et al., 1984; James et al., 1991; Grieve, 1994; 
Meldrum et al., 1997; Ames et al., 2002; Mungall et al., 2004; Zieg és Marsh, 2005). 
A SMK fekük zet összleteit az északi és keleti vonulaton (North Range, East Range) a Levack 
Gneisz Komplexum 2,71 milliárd éves, fels -amfibolit és granulit fácies  metamorfózist szenvedett 
k zetei (Krogh et al., 1984; Card, 1994; Wodicka; 1997), és a metamorf eseménnyel járó anatexisb l 
származó Cartier Gránit monzonitos-granodioritos egységei (2,64 Ga: Meldrum et al., 1997) uralják. A 
gneisz és granitoid k zeteket az East Bull Lake (2.49–2.47 Ga; Krogh et al., 1984), a Matachewan (2.47–
2.45 Ga; Heaman, 1997) és a Nipissing (2.2 Ga; Corfu és Andrews, 1986) összlet mafikus k zetei 
harántolják. 
A becsapódás hatására létrejöv  sokkhullám a SMK fekük zeteinek breccsásodását, 
milliméterest l több száz méteres szélességig terjed  pszeudotachilites zónák kialakulását okozta 
(Sudbury Breccsa: Dressler, 1984b; Peredery és Morrison, 1984; Thompson és Spray, 1994; Rousell et 
al., 2003). Az impakt töréses szerkezetek közül jelent sek továbbá azok a több száz méteres 
oldalelmozdulással bíró, uralkodóan ÉNy–DK-i irányú vet k, melyek a Sudbury kráter összeomlása és 
stabilizációja során keletkeztek (Rousell, 1984b; Rousell et al., 1999). 
A SMK olvadéktömegének h hatása a feküben kontakt metamorf zonációt hozott létre (Dressler, 
1984c; Coats és Snajdr, 1984; Hanley és Mungall, 2003; Boast és Spray, 2006), illetve a k zetek parciális 
olvadását okozta (Collins, 1936; Davis, 1984; Dressler, 1984a, 1984c; Marshall et al., 1999). Utóbbi 
eredménye a kontaktusról való kilök déssel illetve in situ olvadással keletkezett grafikus-granofíros 
szövet  fekügranofír (footwall granophyre) erek, telérek megjelenése a feküben, melyek kristályosodását egy 
400–650°C körüli minimum h mérséklet , nagy szalinitású magmás-hidrotermás fluidum 
szegregálódása kísérte (Molnár et al., 2001; Péntek et al., 2009). 
A SMK/fekü kontaktus mentén találhatók a likvidmagmás, dönt en masszív/szemimasszív 
szulfidlencséket és teléreket alkotó kontakt Ni-Cu ércesedések, melyek jellegzetesen Ni-gazdagok és 
platinafémekben (PGE) szegények (Cu/Ni=0,7, Pt+Pd+Au<1 g/t: Naldrett, 1984; Farrow és 
Lightfoot, 2002). A feküben, legtöbbször Sudbury Breccsa zónákhoz kapcsolódóan el forduló 
fekük zet ércesedések ezzel szemben Cu-PGE gazdagok (Cu/Ni>6.5, Pt+Pd+Au>7.7 g/t: Farrow és 
Lightfoot, 2002), és jellegzetes nyomelem-társulással jellemezhet k (Ag, Bi, Te, As, Sn, Sb, Se, Pb, Zn, 
In és Cd), mely elemek gyakran alkotnak önálló ásványfázisokat a platinafémekkel. 
A feküércesedések két alfaja több szempont szerint is elkülönül egymástól (Farrow et al., 2005). A 
„szulfidtelér-rendszer”(sharp-walled vein) altípust dönt en több méteres szélességet elér  masszív 
kalkopirit-pirrhotin-pentlandit erek alkotják, melyek gyakran párhuzamosak a SMK/fekü kontaktussal 
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(Farrow és Lightfoot, 2002; Ames és Farrow, 2007). Bár a szulfidásványok részaránya 80% fölötti, a 
telérek körül f képp kvarcból és víztartalmú szilikátokból álló ásványtársulás figyelhet  meg (Farrow és 
Watkinson, 1992; Li és Naldrett, 1993a; Everest, 1999). A „szulfidszegény” (low-sulphide) rendszerekben 
ezzel szemben a szulfiderek ritkák, vastagságuk nem haladja meg a pár tíz centimétert, a telep uralkodó 
részét pecsétes-hintett szövet  szulfidásványok (kalkopirit, millerit, pirit, bornit) képezik. Az átlagosan 5 
modális százalék alatti szulfidtartalomhoz azonban kiemelked en nagy Pt+Pd+Au tenorok 
kapcsolódnak, amelyek e teleptípust a sudbury-i érckörzet platinafémekben leggazdagabb ércesedésévé 
teszi (Farrow et al., 2005). A „hibrid” ércesedésekben mindkét altípus egyszerre van jelen.  
A fekük zet ércesedések eredete a napjainkig nem teljes egészében tisztázott kérdés. Bár a kontakt 
ércesedésekkel való genetikai kapcsolatuk nyilvánvaló, a fémek kontaktusról való mobilizálásának és 
szállításának két lehetséges modellje született. A magmás modell er sen frakcionált, s ezért Cu-PGE 
gazdagodott szulfidolvadék fekübe injektálódásával magyarázta a feküércesedések létrejöttét, ahol a 
kristályosodás során elkülönül  hidrotermás oldat szerepe csekély (Naldrett et al., 1994, 1999; Li et al., 
1992; Li és Naldrett, 1993b; Jago et al., 1994; Mungall, 2007). Más modellek teljes mértékben a SMK 
h je által hajtott hidrotermás rendszernek fontosságát hangsúlyozták (Farrow és Watkinson, 1996; 
Molnár et al., 1997, 1999, 2001; Marshall et al., 1999; Watkinson, 1999). Újabb kutatások a két 
elképzelést ötvözve azt sugallják, hogy a magmás folyamatok f képp a „szulfidtelér-rendszer” altípusnál 
voltak jelent sek, míg a „szulfidszegény” teleptípus hidrotermás eredet  (Péntek et al., 2009; Tuba et al., 
2010/jelen dolgozat; Gibson et al., 2010; Nelles et al., 2010; Hanley et al., 2011). 
A feküércesedések szulfidásványait dönt en szulfid- és platinaásvány-zárványokat tartalmazó 
epidotból, Ni-gazdag amfibolból és kloritból, Cl-gazdag szilikátokból (biotit, ferropiroszmalit) valamint 
kvarcból álló szilikátszegély veszi körül (pl. Farrow és Watkinson, 1992, 1996, 1997; Li et al., 1992; Li és 
Naldrett, 1993a; Farrow, 1994; Molnár et al., 2001; Hanley és Mungall, 2003), amely nagy h mérséklet  
(min. 300–500°C), nagy szalinitású (akár 60 NaCl ekviv. súly%), komplex összetétel  (Na-Ca-Fe-Cl) 
fluidumok hatására jött létre (Farrow és Watkinson, 1992; Li és Naldrett, 1993a; Farrow et al., 1994; 
Molnár et al., 1997, 1999, 2001; Péntek et al., 2008). A szilikátszegélyt létrehozó anyaoldat egy er sen 
keveredett fluidumnak valószín síthet , azonban a kevered  ágensek eredetére többféle modell létezik, 
úgy mint 1) nagy szalinitású talajvíz, 2) a SMK kristályosodásával szegregálódó fluidum, 3) fekügranofír 
kristályosodása során elkülönül  oldatok, 4) likvidmagmás szulfidkristályosodást kísér  fluidumok (pl. 
Farrow et al., 1994; Marshall et al., 1999; McCormick és McDonald, 1999; Molnár et al., 1997, 1999, 
2001; Hanley és Mungall, 2003; Hanley et al., 2004; Péntek et al., 2009; Campos-Alvarez et al., 2010; 
Hanley et al., 2011). 
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Marshall et al. (1999) és Molnár et al. (2001) összesen három, a SMK által gerjesztett rendszert 
felülbélyegz  hidrotermás eseményt azonosított. Ezek közül a legjelent sebb Ca-gazdag, átlagosan 150–
250°C h mérséklet  fluidumok cirkulációjához kapcsolódik, amelyet feltehet en az 1.24 milliárd éves 
Sudbury telérraj (Sudbury dike swarm) benyomulása váltott ki (Molnár et al., 2001). 
A Sudbury-szerkezet mai, ellipszoid alakú formáját dönt en a penokiai orogénciklushoz 
kapcsolódó, ÉNy–DK-i irányú kompressziónak köszönheti (Sims et al., 1989). A keleti vonulaton 
további deformációt eredményezhetett a Wanapitei impakt kráter 37 millió éve történt kialakulása 
(Dence és Popelar, 1972; Winzer et al., 1976; Rousell, 1984b). 
3. A vizsgált területek geológiája 
3.1. Északi vonulat, Wisner terület: a Southwest és a South zóna 
Az északi vonulaton található Wisner területet a Levack Komplexum gneisz és migmatit k zetei, a 
Cartier Formáció granitoid egységei, és az ezeket harántoló diabáz- és gabbrótestek alkotják. A Sudbury 
Breccsa gyakori, 100 m szélességet és 2 km csapásirány szerinti hosszúságot is elér  zónái ismertek, 
amelyek ÉNY–DK-i és KÉK–NyDNy-i csapása a Sudbury-szerkezet kialakulásához köthet  domináns 
szerkezeti irányokkal esik egybe. Hasonló orientációjúak és genetikájúak a több 100 m 
oldalemozdulással és több km csapásirány szerinti hosszúsággal jellemezhet  vet k (Rousell, 1984), 
melyek szintén gyakoriak a területen. 
       A területt l délre elhelyezked  SMK/fekü kontaktus több kisebb kontakt ércesedést foglal 
magába, míg a Wisner feküércesedései közül f ként a Broken Hammer zóna „szulfidtelér-rendszere” 
számottev . A dolgozatban vizsgált két zóna „szulfidszegény” ércesést tár föl. 
A kontaktustól 100–200 méterre fekv  Southwest zónában a szulfidásványokban leggazdagabb 
terület a Blast feltárás, amelyen breccsásodott mafikus gneisz dominál. A feltárás legnagyobb mértékben 
breccsásodott része szenvedte egyben a legintenzívebb hidrotermás átalakulást, amelyet s r  amfibol és 
epidot érhálózat, valamint a szulfidhintések és -pecsétek gyakori megjelenése jellemez. A területt l Ny-ra 
es  Bear, Flat Tire és Rory feltárások f képp kvarc-monzonitot és Sudbury Breccsát tárnak fel; itt a 
szulfidel fordulások ritkák, azonban epidot erek igen nagy számban fordulnak el . 
A South zóna mintegy 500 méterre ÉNy-ra fekszik a kontaktustól, és f képp Sudbury Breccsával 
harántolt kvarc-monzonitot tár fel. A legintenzívebben az East feltárás breccsazónája alakult át, itt az 
epidot erezés mellett gyakori a hintett-pecsétes szulfid. Néhány, több cm vastagságot elér  masszív 
szulfidér kvarc-monzonitot és gabbrót vág át. 
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3.2. Keleti vonulat, Frost Lake terület: az Amy Lake PGE zóna 
      A keleti vonulaton fekv  Frost Lake terület geológiája igen hasonló a Wisner területéhez, 
ennek megfelel en a kontaktustól 300–600 méterre elterül  Amy Lake zóna f képp mafikus gneiszet, 
granitoid egységeket, valamint különböz  proterozoós mafikus intruzív k zeteket tár fel. A területen 
bukkan felszínre az ÉNy–DK-i csapású, mintegy 100 m széles Amy Lake Breccsa Öv, amely a Capre 
3000 felszín alatti feküércesedést is magába foglalja (Davis, 2007; Stewart és Lightfoot, 2010) a 
kontaktus felé. A kontaktuson a Capre kontakt ércesedés található. A breccsaövben fut a vele azonos 
csapású Bay vet zóna, amit a felszínen az Amy Lake zóna kibukkanásai tárnak fel. A vet zóna az É–D-i 
csapású Amy Lake vet be csatlakozik, amely több száz méteres oldalelmozdulásával balosan elveti a 
kontaktust. Mindkét szerkezeti lineamens a Sudbury-szerkezet létrejöttéhez köthet , és területen 
gyakori, DNy–ÉK-i törészónák felülbélyegzik ezeket. Hidrotermás átalakulás az egész területen nyomon 
követhet  és igen változatos. 
3.3. Egyéb vizsgált területek 
        A Wisner és Amy Lake területek hidrotermás átalakulásaival való összehasonlíthatóság 
érdekében a Sudbury-szerkezet több területén megtörtént a fekük zetek átalakulásainak megfigyelése. 
K zettani felépítésüket tekintve a keleti (Skynner Lake) és északi (Foy, Pele Mountain és Trill) vonulat 
vizsgált területei nagyban hasonlóak a Wisner és Amy Lake földtani tulajdonságaival. A Skynner Lake és 
Foy területek a kontaktushoz viszonylag közel (max. 2.5 km) helyezkednek el, míg a Pele és Trill vizsgált 
részei attól távol esnek (min. 3 km). A Trill különlegessége két, hidrotermásan igen intenzíven átalakult 
Sudbury Breccsa feltárás, amely összterülete mintegy 34000 m2. Az említett lel helyek közvetlen 
közelében a SMK/fekü kontaktusról nem ismert számottev  ércesedés. A fekük zetek mellett a SMK 
granofíros egységének átalakulását is vizsgáltam a 144-es f út Onaping-Levack leágazása közelében. A 
k zetben a mikrografikus földpát-kvarc együttest kis mennyiségben plagioklász, nyomokban biotit, 
amfibol, klorit és opak ásványok kísérik. 
A déli vonulat Creighton South területe mintegy 3 kilométerre található a kontakt és 
feküércesedést egyaránt termel  Creighton bányától. Északi felén a Creighton plutón granitoid k zetei, a 
délin pedig a Huroni Formációcsoport mafikus és felzikus kiömlési k zetei és üledékei bukkannak 
felszínre. 
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4. A hidrotermás ásványegyüttesek elterjedése és petrográfiai jellemzése 
Az alábbiakban a Wisner és az Amy Lake területen megjelen  legfontosabb átalakulás típusok 
kerülnek bemutatásra képz désük feltételezhet  sorrendjében, amelynek meghatározása terepi és 
petrográfiai bizonyítékok alapján történt. Minden típus megtalálható fekügranofír és/vagy Sudbury 
Breccsa felülbélyegzéseként, tehát kora a becsapódási esemény utánra tehet .  
4.1. Fekügranofírhoz kapcsolódó hidrotermás ásványegyüttesek 
  A fekügranofír miarolitos üregeib l leírt ásványtársuláshoz (Péntek, 2009) nagyon hasonló 
együttes figyelhet  meg (1) ritkábban a fekügranofír erek végében, (2) gyakran több méteres kiterjedés  
pervazív átalakulási zónákként és (3) különálló erekként. A paragenezis uralkodó ásványa a 
durvaszemcsés epidot, amihez a pervazív zónákban allanit és amfibol, az erekben titanit járul. Millerit 
(<15%) és nyomokban kalkopirit csak a „hidrotermás farkakban” és a pervazív zónákban fordul el . Az 
ásványegyüttest dupla átalakulási udvar kíséri, ahol az ér falához közelebb lév  zóna amfibolgazdag, a 
messzebb lév t pedig a k zetalkotó földpátok átkristályosodása jellemzi. 
Az átalakulás f ként az Amy Lake zónában gyakori. Terepi észlelések alapján az erekként 
megjelen  altípus képz dése a Bay vet zóna kialakulását megel z en kezd dött, de azzal egy id ben is 
zajlott. 
4.2. Extenziós erek 
        Az extenziós erek f  jellemz je a jelentéktelen mérték  oldalelmozdulás és a szintektonikus, 
antitaxiális érkitöltés, ami a mellékk zet összetétele függvényében változik. Az amfibol erek mafikus-
intermedier k zetekben jelennek meg, és 95%-ban amfibolt, járulékos elegyrészként vele egyid s 
titanitot tartalmaznak. Az amfibolhoz képest intersticiális helyzetben poikilites epidot (ld. 4.3. fejezet), 
kalkopirit (<10%) és nyomokban K-földpát és kvarc jelenhet meg. Az erek mentén a mellékk zet 
földpátjainak átkristályosodása figyelhet  meg. Az epidot-kvarc erek intemedier-felzikus, a kvarc erek 
dönt en felzikus k zeteket vágnak át. Utóbbi ritkán nyomokban kalkopiritet tartalmaz. 
Az erek gyakorisága hidrotermás szulfidásványosodás közelében a legnagyobb. Orientációjuk 
egybevág a Sudbury-szerkezet kialakulásához kapcsolódó töréses szerkezetekével, szintektonikus 
kitöltésük ezen szerkezetekkel való egyidej ségre utal, vagyis az extenziós erek a Sudbury hidrotermás 
rendszer részét képezik.  
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4.3. Hidrotermás szulfidásványosodás 
    A szulfidásványok dönt en hintett-pecsétes szövettel jelennek meg, és csak ritkán alkotnak 
rövid (30–50 cm), S-alakú masszív szulfidereket. Az Amy Lake zónában jellemz  a pirit oktaéderek 
millerit ikersíkjaiban való megjelenése, illetve a pirit-millerit összenövés kalkopirit által való kiszorítása. 
A Wisner területen millerit és pirit kisebb mennyiségben jelenik meg, az uralkodó kalkopiritben 
járulékos szfalerit, nyomokban pentlandit és pirrhotin maradványok találhatók. 
A szulfidegyüttest szövett l és lel helyt l függetlenül egy dönt en poikilites epidot-kalkopirit 
együttesb l, sajátalakú amfibolból és kloritból, valamint kvarcból álló szilikátos szegély övezi. A 
poikilites epidot az ásványegyüttesre kizárólagosan jellemz  szöveti elem. 
A szulfidércesedés f képp mafikus k zetekben és Sudbury Breccsában, a Sudbury-szerkezettel 
egyid s törési zónákban jelenik meg. 
4.4. Nyírásos epidot-kvarc erek 
A vizsgált területek leggyakoribb hidrotermás ásványegyüttese. Az erezéstípus nagyon változatos 
szöveti jellemz kkel bír, amelyek közös jellemz je, hogy jól tükrözik az ér nyírásos genetikáját. Ilyen pl. 
a Riedel-törések megjelenése, breccsás szövettípus, „folyásos” szövettípus. Az érkitölt  ásvány 
túlnyomórészt finom- és középszemcsés epidot, mellette kvarc és klorit különböz  arányban található, 
és az összetétel nem függ a mellékk zet típusától. A nyírásos értípus ritkán jelenik meg különálló érként, 
inkább zónákat, fonatos érrendszereket alkot akár 1 m-es szélességgel. Intenzíven töredezett zónákban a 
mellékk zetek metaszomatikus átalakulása kíséri az erezést. 
A nyírásos erezés minden területen két domináns irányhoz köthet  (É–D és DNy–ÉK), melyek 
kora azonos. 
4.5. Kalcit-klorit átalakulás 
Minden vizsgált területen elterjedt, de f képp mikroszkopikus kiszorítások és mm-es erek 
formájában jelenik meg. Az ásványegyüttesben kalcit dominál, amit sajátalakú klorit kísér. 
4.6. A bemutatott ásványtársulások megjelenése a Sudbury-szerkezet egyéb területein 
Extenziós epidot-kvarc és amfibol erek a Foy, Skynner Lake és Frost Lake SMK/fekü 
kontaktushoz közel es  részein fordulnak el . A Trill breccsadombjai nagy számban tárnak fel extenziós 
epidot-kvarc ereket, illetve megfigyelhet  a diabáz klasztok felemésztése egy, az extenziós amfibol 
erekhez nagyon hasonló ásványegyüttes által. Amfibol ereket leírtak a Wisner Broken Hammer 
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zónájából (Péntek et al., 2008), az északi vonulat Barnet területér l Sudbury Breccsából (Hanley és Bray, 
2009), illetve a fed  Onaping Formációt átvágva a Joe Lake környezetéb l (Ames et al., 1998). 
Nyírásos epidot-kvarc erek mindenütt nagy számban fordulnak el , és gyakoriságuk nem függ a 
kontaktustól való távolságtól. Az Amy Lake-en és Wisneren megfigyelt, hozzájuk kapcsolódó két 
orientáció regionálisan jelen van, ami képz désük korát a Sudbury-szerkezetet ért kései deformációs 
fázisok utánra teszi. Fúrómagok vizsgálata alapján a jelenlegi eróziós felszín alatt legalább 1300 m-re 
még gyakori átalakulás típus, illetve a SMK granofírjában is megtalálható. Valószín leg ebbe a csoportba 
tartoznak az Onaping-Levack területr l leírt „kései kvarc-epidot-klorit” (Molnár et al., 2001), és a SMK-
ból említett „kései epidot erek” (Campos-Alvarez et al., 2010). A kalcit-klorit együttes szintén regionális, 
a vizsgált területeken kívül több helyr l említik a feküb l és a SMK egységeib l egyaránt (Molnár et al., 
2001; Campos-Alvarez et al., 2010). 
5. Az ásványtársulások f - és nyomelem-geokémiája 
5.1. Platinaásványok és egyéb nemesfémásványok eloszlása és összetétele 
Mindhárom részletesen vizsgált területre jellemz  a nemesfém-ásványok szulfidokban és 
szilikátokban való megjelenése a fekügranofírhoz kapcsolódó pervazív epidot-amfibol átalakulásban és a 
hidrotermás szulfidásványosodásban. Az ércesedést kísér , Pd, Pt, Bi, Te, Ag, Au, Se, Pb és Sn elemeket 
tartalmazó nyomelem-asszociáció minden területen azonos, azonban az egyes elemek koncentrációja és 
a hozzájuk kapcsoló ásványfázisok eltér ek. A Wisnerrel ellentétben az Amy Lake zónában a Zn-
tartalmú ásványok hiányoznak, de az As fontos szerepet játszik sperrylitbe épülve. 
Az Amy Lake zónában található nemesfémásványok eloszlása a következ képpen foglalható össze. 
(1) Elektrum csak piritben fordul el , míg bohdanowiczit, sperrylit, Se-galenit, hessit és Pd(-Bi)-
telluridok milleritben is megtalálhatóak. (2) A szilikátokhoz Pt-gazdag bizmut-tellurid együttes 
kapcsolódik, míg a szulfidokban ezek az ásványok Pd-gazdagok és Pt-mentesek. A sperrylit mennyisége 
a szilikátos szegélyben a legnagyobb. (3) Az Amy Lake zóna északi felén a kalkopirit nagy mennyiség , 
komplex bohdanowiczit-Se-galenit szemcsét tartalmaz, valamint a Bi-merenskyitet övez  reakciószegély 
hessit-Te-merenskyit ásványösszetétel . Ezzel szemben a déli részen a bohdanowiczit igen ritka, és a 
reakciószegélyek wittichenitb l és covellinb l állnak. 
A Wisner South zónájában az uralkodó akcesszóriák változó Pd:Pt összetétel  merenskyit-
moncheit és malyshevit-lisiguangit ásványok, illetve bohdanowiczit. Ezzel szemben a Southwest 
zónában szinte kizárólag Pd-gazdag merenskyit található. 
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5.2. Uralkodóan szilikátos ásványtársulások Cu-Ni-PGE koncentrációja 
A fekügranofírhoz kapcsolódó pervazív epidot-amfibol átalakulások magas, akár több 10 g/t 
Pd+Pt+Au (TPM) értékekkel és magas Ni/Cu aránnyal, valamint alacsony szulfidtartalommal (0,1–0,2 
súly%) jellemezhet k, míg ugyanezen ásványtársulás érkitölt  formában csupán enyhe PGE-dúsulást 
mutat (<0,5 g/t) és teljesen szulfidmentes. Az extenziós amfibol erek TPM koncentrációja szoros 
összefüggésben áll az esetlegesen megjelen  kalkopirit mennyiségével, így a kimutatási határ alatti 
értékekt l 1 g/t-ig mozog. Más értípusok általában PGE- és Au-mentesek, bár néhány nyírásos epidot 
érben megjelen  anomális értékek az erezés lokális PGE-mobilizációs képességét szemlélteti. 
5.3. Szilikátásványok összetétele 
A fekügranofírhoz kapcsolódó epidot hasonlóan változatos vastartalmat és hasonló zónásságot 
(aránylag homogén mag, s r n zonált szegély) mutat, mint a miarolitos üregekben található epidot. A 
poikilites epidotra karakterisztikus „foltos” zónássága és nagy átlagos vastartalma jellemz . 
A fekügranofírhoz kapcsolódó pervazív zónákban, illetve a szilikátos szegélyben található amfibol 
uralkodóan aktinolitos összetétel , és a szilikátos szegélyben el forduló klorittal együtt nagy Ni-tartalmú 
(akár 1,36 súly% NiO). Az extenziós erek amfiboljában jellegzetes hármas zónásság figyelhet  meg. A 
tremolitos-aktinolitos mag és átmeneti zóna oxidáltabb, nagyobb Mg- és K-, valamint kisebb Ni-
tartalmú, mint a vasgazdag, K-szegény, gyakran Ni-hordozó aktinolitos szegélyzóna, amely 
összetételével nagyfokú hasonlatosságot mutat a szilikátos szegély aktinolitjához. A hasonlóság genetikai 
kapcsolatra utal a két amfibol között. A zónásságra való tekintet nélkül az erek amfibolja Ti-gazdagodást 
mutat a szilikátos szegély amfiboljához képest. 
A fekügranofírhoz kapcsolódó átalakulásokban a könny  ritkaföldfémek (LREE) fokozatos 
csökkenése követhet  nyomon a pervazív zónákban megfigyelt allanit magoktól a ránövekedett 
epidoton át az erekben megjelen  epidotig. Más ásványtársulásokban az epidot egyöntet en REE-
szegény. A további nyomelemek közül ugyanitt jelent s a Ni-dúsulás a pervazív (több 100 ppm) és 
kisebb mértékben az érkitölt  epidotban (10 ppm körül). Egyes nyomelemek koncentrációja a poikilites 
epidotban mérésr l mérésre er sen változó, ami a szemcsék jellegzetes „foltos” zónásságának tudható 
be. Az U és Th koncentrációja a miarolitos üregek és a fekügranofírhoz kapcsolódó pervazív átalakulás 
epidotjában magas. A szemcsék Ti-tartalma mafikus mellékk zetb l származó mintákban növekszik 
meg. 
A szilikátok f - és nyomelem-eloszlása együttesen azt sugallja, hogy a SMK-hoz kapcsolódó 
átalakulásokban az ásványok nagyobb Ni-tartalommal bírnak, mint a fiatal nyírásos epidot erek ásványai. 
140
MAGYAR NYELV  ÖSSZEFOGLALÓ 
6. A fémeloszlás jellegzetességei a Wisner Southwest és az Amy Lake PGE zóna 
feküércesedésében 
A Cu, Ni, Pt és Pd mellett számos, a feküércesedésekre általában jellemz  kísér elem eloszlását, 
egymással való korrelációját és szulfidkoncentrációhoz képest való relatív dúsulását vizsgáltam 
statisztikai módszerekkel a Wisner Southwest és az Amy Lake zóna felszíni és fúrásmintái segítségével. 
A Pt és Pd geokémiai szempontból hasonlóan viselkedik. A két elem egymással, illetve tellúrral és 
bizmuttal er sen korrelál, ami a területek f  platinaásványaival jó összhangban áll. A nikkellel való 
szoros kapcsolatot részben a platinaásványokban tapasztalt Ni-dúsulás magyarázhatja, míg a rézzel és 
kénnel való korreláció hiánya arra vezethet  vissza, hogy ezek a fázisok nem kizárólag szulfidokban 
fordulnak el . Utóbbit jól példázza a Pt és Pd relatív dúsulása az alacsony kéntartalmú (hintéses) 
mintákban a masszív szulfiderekhez képest. 
Általánosságban a kísér elemek jól korrelálnak a rézzel, nikkellel, platinával és palládiummal. A 
Southwest és az Amy Lake zóna elemkorrelációiban való eltérés a két területen el forduló eltér  
nemesfémásvány-populáció közti különbségre vezethet  vissza. A növekv  kéntartalommal csökken  
Cu/(Cu+Ni) arányok azt sugallják, hogy a Ni-szulfidok dönt en a hintett szövet  
szulfidel fordulásokhoz kapcsolódnak. 
A Cu, Ni, Pt és Pd koncentrációk, arányok és tenorok eloszlása a két területen kit n  egyezést 
mutat a m velés alatt álló „szulfidszegény” PM teleppel (Farrow et al., 2005), és kisebb mértékben 
hasonló a „hibrid” Broken Hammer telephez (Péntek et al., 2008). 
7. A vizsgált hidrotermás rendszerek fluidumainak jellemzése 
7.1. A fluidzárvány vizsgálatok eredményei 
Fluidzárvány petrográfiai megfigyelések történtek minden arra alkalmas mintán a Wisner és az 
Amy Lake területr l, míg a mikrotermometriai vizsgálatok f képp az Amy Lake zónára koncentráltak. A 
befogadó ásvány kvarc, illetve a kalcit-klorit átalakulás esetében kalcit volt. 
Az I. típusú zárványokban a folyadék- és g zfázis mellett leányásványok is megfigyelhet ek. Az IA 
alcsoport zárványai 10–15 térfogat% g zfázist, és változó számú és térfogatú leányásványt (pl. szilvin, 
Pb- és Fe-kloridok) tartalmaznak a halit mellett. Amennyiben a halit az egyedüli szilárd fázis, annak 
térfogata a zárvány legalább 40–80%-át teszi ki. A zárványok minimum homogenizációs h mérséklete 
400°C fölé esik, sótartalmuk igen magas (30–68 NaCl ekviv. súly%), a leányásvány populáció az oldat 
komplexitását sugallja. Az IA zárványok dominánsan els dlegesek a fekügranofír miarolitos üregeiben, a 
fekügranofírhoz kapcsolódó pervazív epidot-amfibol átalakulásban, a hidrotermás szulfidásványosodás 
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szilikátos szegélyében, valamint az extenziós epidot-kvarc és kvarc erekben, így a zárványokban 
csapdázódó fluidum tulajdonságai egyben ezen ásványegyüttesek anyaoldatának tulajdonságait is jelölik.     
Az IB alcsoport zárványaiban a halit az egyetlen leányásvány, térfogata max. 20%. Els dleges 
szöveti helyzetben nyírásos epidot-kvarc erekben figyelhet ek meg mind az Amy Lake, mind a Skynner 
Lake mintáiban, ahol 166–315°C-os teljes homogenizációs h mérsékletet, 33–35 NaCl ekviv. súly%-os 
átlag szalinitást, és Na-Ca-gazdag összetételt mutatnak. Másodlagos szövet  IB fluidzárványok találhatók 
a SMK-hoz kapcsolódó hidrotermás rendszer átalakulásaiban és nyírásos epidot-kvarc erekben.  
A II. típusú fluidzárványokat csak folyadék és g zfázis (5–10 térfogat%) jelenléte jellemzi. Minden 
paragenezisben másodlagosan fordulnak el , kivéve a kalcit-klorit átalakulást, ahol els dleges pozícióban 
vannak jelen kalcitban, és alacsony homogenizációs h mérséklettel (76–168°C) és alacsony-közepes 
szalinitással (14–26 CaCl2 ekviv. súly%) bírnak. Összetételük dönt en Ca-os. 
7.2. Stabilizotópos vizsgálatok 
Összesen 12, fekügranofírhoz kapcsolódó pervazív, extenziós és nyírásos epidot minta, illetve 4 
esetben a hozzájuk tartozó kvarc stabilizotópos vizsgálata történt meg. Az értékek a Marshall et al. 
(1999) által publikált, ismert feküércesedésekb l származó epidotminták újraszámolt izotóparányaival is 
összevetésre kerültek. 
Míg az epidot D értékei minden csoportban hasonlóak (-33,00– -44,85‰), a fekügranofírhoz 
kapcsolódó epidot oxigénizotóp-aránya 0‰ körüli, az extenziós epidoté 1,34–5,75‰ között változik. A 
nyírásos epidot sz kebb intervallumot képvisel (3,78–5,43‰ 18O). Marshall et al. (1999) mintái -23,00– 
-4,00 ‰ D és -2,30–4,80‰ 18O értékek közé esnek. 
Az epidottal egyensúlyban lev  fluidum számolt izotóparányai eltérést mutatnak a SMK-mal 
egyid s és az azt felülbélyegz  átalakulások között. A SMK által hajtott hidrotermás oldatok 18O értékei 
(0,69–6,29‰) hasonlóak a nyírásos erezéshez kapcsolódó fluiduméhoz (1,61–3,27‰), el bbi D arányai 
(2,89–7,54‰) jóval magasabbak, mint a nyírásos erezésé (-13,81– -5,66‰). A nagy feküércesedésekhez 
kapcsolódó fluidum számolt összetétele trend szerint változó hidrogén- (14,44–33,44‰) és 
oxigénizotóp-arányokat (-2,49–4,61‰) mutat, ahol a legkönnyebb izotópösszetételek igen közel esnek a 
SMK hidrotermáinak jelen munkában számolt összetételéhez. 
Kénizotópos vizsgálatok szerint nincs számottev  különbség a „szulfidszegény” ércesedéshez 
kapcsolódó, különböz  szövettípusokban megjelen  kalkopirit (pl. hintett, fekügranofírban megjelen , 
szulfid-szilikát ér, stb.) izotóparányaiban (1,6–5,9‰ 34S). A „szulfidtelér-rendszer” ércesedéstípust 
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képvisel  Big Boy masszív szulfidér (Broken Hammer zóna) azonban ezen mintáknál nehezebb és 
sz kebb tartományba es  értékeket mutat (4,9–6,2‰ 34S).    
8. A dolgozat f bb eredményeinek összefoglalása, következtetések 
(1) A Sudbury-szerkezet északi vonulatán található Wisner South és Southwest zóna, valamint a keleti 
vonulaton elhelyezked  Amy Lake PGE zóna hintett-pecsétes Cu-(Ni-)platinafém ércesedést tár 
fel, melynek uralkodó szulfidásványai a kalkopirit, millerit és pirit. A szulfidásványok jellegzetes 
szövete és összetétele mellett a területekhez kapcsolódó Cu, Ni és nemesfémek 
koncentrációjának, tenorjának és arányának eloszlása azt támasztja alá, hogy a három ércesedett 
terület a sudbury-i feküércesedések „szulfidszegény” altípusát képviseli.     
(2) Az átalakulások részletes térképezése, az ásványok f - és nyomelem vizsgálatai, valamint szöveti 
és fluidzárvány bizonyítékok alapján feltételezhet , hogy a dönt en magmás „szulfidtelér-
rendszer” altípussal szemben a „szulfidszegény” ércesedés kialakulása tisztán hidrotermás 
folyamatoknak köszönhet . 
(3) SMK feküjének hidrotermás átalakulása a vizsgált területeken dönt en két, id ben eltér  
hidrotermás esemény hatására jött létre: az id sebb áramlási rendszer a SMK h je által generált, 
ércképz  hidrotermás eseményhez kapcsolódik, míg az azt felülbélyegz  hidrotermás rendszer 
nagyobb kiterjedéssel bírt, de ércdúsulást nem eredményezett. A kutatás eredményeképpen e két 
rendszerhez kapcsolódó ásványegyüttesek szöveti, szerkezeti és ásványos összetételük alapján 
biztonsággal elkülöníthet k egymástól, amely megkönnyíti a térségben folyó, feküércesedésekre 
irányuló nyersanyagkutatást.  
(4) A Sudbury Hidrotermás Esemény a fekük zetek komplex átalakulását eredményezte. A 
rendszerhez köt d  ásványegyüttesek egy részének azonosítása és az ércképz déshez kötése, 
illetve a megfigyelt ásványegyüttesek részletes dokumentációja jelen dolgozat keretei között 
történt meg el ször. Az elkülönített ásványtársulások regionálisan hasonló jellemz kkel bírnak, 
ami arra enged következtetni, hogy alapvet en hasonló hidrotermás folyamatok játszódhattak le a 
Sudbury-szerkezet különböz  pontjain. 
(5) A Sudbury Hidrotermás Eseményhez köthet  legkorábbi átalakulás a fekügranofírból a feküben 
lokálisan szegregálódó fluidumhoz kapcsolódott (fekügranofírhoz kapcsolódó epidot-amfibol átalakulás). 
A paragenezis meghatározó ásványa az allanit, epidot és amfibol, elkülönít  szöveti bélyege a 
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kett s átalakulási udvar a mellékk zetben, illetve az epidot jellegzetes zónássága és durva 
szemcsemérete. Az ásványegyüttes mind a granofírhoz fizikailag kapcsolódóan, mind attól 
elszakadva, külön zónákat/ereket alkotva megfigyelhet . Nagy Ni/Cu és PGE/S arány jellemzi, 
amely az ásványos összetételben és az ásványok f - és nyomelem-tartalmában is megmutatkozik. 
Az átalakulástípus felismerése alátámasztja Molnár et al. (2001) és Péntek et al. (2009) 
fekügranofírokon végzett vizsgálatait, amelyek a granofírból szegregálódott fluidum ércképz  
potenciálját hangsúlyozzák. 
(6) A Sudbury Hidrotermás Esemény f  szakaszához többféle átalakulás kapcsolódik. Az extenziós erek 
kitöltése szintektonikus, antitaxiális szövet  és a mellékk zet összetételével er sen változik. A f  
ásványfázisok alapján (1) amfibol, (2) epidot-kvarc és (3) kvarc erek különíthet k el. A hidrotermás 
szulfid-szilikát ásványegyüttesben a kalkopirit mellett változó mennyiség  pirit és millerit van jelen. A 
szulfidtömeget poikilites epidotból, f képp aktinolitos összetétel , nagy Ni-tartalmú amfibolból, 
és esetenként sajátalakú, Ni-dús kloritból, valamint kvarcból álló szilikátszegély övezi. Az epidot 
jellegzetesen „szivacsos” szövet  a nagy mennyiség  kalkopirit, galenit és platinaásvány zárvány 
miatt, zónássága szabálytalan, „foltos”. Megjelenése egyértelm en azonosítja az ércképz  
hidrotermás rendszert. A kutatás eredménye hangsúlyozza, hogy a „szulfidszegény” rendszerek 
nem csupán a szulfid-szilikát együtteseket, hanem a rendszerint szulfidmentes extenziós ereket is 
magukba foglalják, amelyek zónás elrendezésben kísérik az ércesedést. 
(7) A SMK által hajtott fluidumok áramlása egy tektonikailag aktív környezetben, a Sudbury-szerkezet 
kialakulásához és stabilizációjához köthet  töréses szerkezetek mentén történt. A Wisner South és 
Southwest, valamint az Amy Lake zónában alapvet en az ÉÉNy–DDK-i, illetve az ÉNy–DK-i 
szerkezetek játszottak legnagyobb szerepet a fluidmigrációban.  
(8) A vizsgált területeken kimutatott nagy h mérséklet  (>400°C), nagy szalinitású (35–68 NaCl 
ekvivalens súly%), Na-Fe-Ca-K-Cl-gazdag Sudbury hidrotermás fluidum tulajdonságai jó 
összhangban állnak azokkal a „magmás-hidrotermás” fluidrendszerekkel, amelyeket a Sudbury-
szerkezet északi és déli vonulatából dokumentáltak (pl., Li és Naldrett, 1993; Farrow et al., 1994; 
Marshall et al., 1999; Molnár et al., 1997, 1999, 2001; Hanley et al. 2005; Péntek et al., 2008). Bár 
képz dési helyük eltér, fluidzárvány és nyomelem vizsgálatok tanúsága szerint a fekügranofírból 
szegregálódott és a hidrotermás esemény f  fázisához kapcsolódó fluidumok egyöntet en 
magmás-hidrotermás eredet ek, és valószín leg a Kanadai-pajzsra jellemz , nagy szalinitású 
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formációvizekkel keveredtek. Hasonló keveredési folyamat feltételezhet  az Onaping-Levack 
körzetben (Marshall et al., 1999; Hanley et al., 2011).  
(9) A „szulfidszegény” rendszert kialakító hidrotermás fluidum fejl désében a fluid-k zet 
kölcsönhatás meghatározó szerepet játszott. A folyamat legfontosabb következményei a 
következ k: (1) az extenziós értípusok zonációja; (2) a szulfidércesedés megjelenése vagy hiánya a 
mellékk zet típusa függvényében; (3) nyomelemek dúsulása vagy hiánya az ásványfázisokban és 
ásványegyüttesekben; (4) az epidottal egyensúlyban lév  fluidum számolt oxigénizotópos 
értékeinek szisztematikus eltolódása a mellékk zet oxigénizotóp-arányának irányába. 
(10) Minden vizsgált ércesedett területre hasonló nyomelem-populáció jellemz : Pd, Pt, Bi, Te, Ag, Au, 
Se, Pb, Sn és As, utóbbi csak az Amy Lake zónában jelenik meg. Az elemek koncentrációja és 
ásványfázisai azonban területenként eltér ek. A Wisner South zóna változatos nemesfém 
ásványaival ellentétben (pl. merenskyit, moncheit, malyshevit, lisiguangit, bohdanowiczit), a 
Wisner Southwest zónában kizárólag merenskyit van jelen, ritkán elektrum és hessit társaságában. 
Az Amy Lake zónában a nemesfém ásványok populációja a befogadó ásványfázisok illetve 
lel helyek függvényében eltér . Változatosságuk az anyaoldat in situ fejl dését körvonalazza, ahol 
a korai Ni(-Fe)-szulfid fázishoz Au, Pd, Se, Ag, Te, Bi, Pb, Pt és As kapcsolódik, az azt 
felülbélyegz  Cu-szulfid fázisban pedig a terület északi részén f képp Ag, Bi, Se, Te, Pb, kisebb 
mértékben Pd, As és Pt jelenik meg. A Déli feltárás környéke a Cu-szulfid fázis Ag-, Se- és Te-
szegény zónáját képviseli. 
(11) Az Amy Lake területen a fekügranofírhoz kapcsolódó átalakulás pervazív zónáiban és a szulfid-
szilikát paragenezis szilikátszegélyében a Pt er teljes dúsulása figyelhet  meg a palládiumhoz 
képest. Ezekben a szilikátos együttesekben a Pt sperrylitben, Pt-gazdag merenskyitben és 
moncheitben van jelen, míg a szulfidásványokban sperrylit mellett megjelen  merenskyit 
gyakorlatilag Pt-mentes. A Pt és Pd ezen elkülönülésében valószín leg a területeken nagy 
koncentrációban megjelen  arzénnak van szerepe. 
(12) A kutatás három olyan tényez  fontosságát hangsúlyozza, amely a „szulfidszegény” ércesedések 
kialakulását és elterjedését befolyásolja. (1) Fémforrás. A Sudbury hidrotermás rendszer képes volt a 
fémek mobilizációjára és szállítására, de „szulfidszegény” ércesedés csak azokon a területeken van 
jelen, ahol már létez  szulfidércesedések (pl. kontakt Ni-Cu telepek) fémforrásként szolgáltak. 
Olyan területeken, ahol nincsenek ilyen fémforrások, a hidrotermás rendszer megjelenhet, de nem 
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eredményez „szulfidszegény” fekük zet ércesedést (pl. Trill, Foy, Skynner Lake). (2) Szerkezeti 
kontroll. A hidrotermás fluidumok a feküösszletbe rideg töréses szerkezetek mentén migrálva 
jutottak ki, amik a Sudbury-szerkezet képz désének és stabilizálódásának eredményeképpen jöttek 
létre. A Sudbury Breccsa övek reológiájuk folytán el segítették a törések kialakulását és ezzel a 
fluidmigrációt. A hidrotermás fluidumok a fémforrástól a „szulfidszegény” ércesedés kialakulásáig 
több száz métert is megtehettek. (3) Csapdázódási környezet. A vizsgált területeken a mafikus-
intermedier fekük zetek és a Sudbury Breccsa mátrixa bizonyult kedvez nek az ércesedés 
kialakulása szempontjából. 
(13) A Sudbury Hidrotermás Esemény ásványegyüttesei mellett egy másik, fiatalabb hidrotermás 
átalakulás is megfigyelhet  regionálisan. A nyírásos epidot-kvarc erek legf bb ismertet jegye a 
változatos szövet, amely minden esetben jól jelzi a nyírásos eredetet. Igen elterjedt ásványegyüttes, 
amelyet Ca-Na-Fe-gazdag, mérsékelt h mérséklet  (200–250°C) és nagy szalinitású (33–35 NaCl 
ekvivalens súly%) fluidumok hoztak létre. A fluidumhoz kapcsolódó fluid-k zet kölcsönhatás 
valószín leg elhanyagolható, fémmobilizációs képessége er sen limitált volt. Az erek É–D-i és 
ÉK–DNy-i csapása csaknem változatlan a Sudbury-szerkezet eltér  pontjain, ami azt jelzi, hogy 
létrejöttük az utolsó nagy szerkezeti módosulások utánra tehet . Ez egybevág Molnár et al. (2001) 
feltételezésével, aki hasonló ásványos összetétel  ereket a Sudbury telérraj 1.24 milliárd éves 
keletkezésével hozott összefüggésbe. Jelen dolgozat az els  részletes petrográfiai és szerkezeti 
dokumentációja ennek a hidrotermás ásványegyüttesnek. 
(14) A kalcit-klorit átalakulás a legfiatalabb megfigyelt hidrotermás paragenezis. Bár igen elterjedt, 
volumenét tekintve a többi tárgyalt hidrotermás ásványegyütteshez képest jelentéktelen. 
Megjelenése kis h mérséklet  (<170°C) és szalinitású (14–26 CaCl2 ekvivalens súly%), Ca-gazdag 
oldatoknak köszönhet , melyeket a Sudbury-szerkezet más területeir l is említenek (Molnár et al., 
2001). 
(15) A kutatás részeként különböz  ásványegyüttesekb l származó hidrotermás epidotásványok 
nyomelem vizsgálata történt meg, amely a hasonló adatok ritkaságát tekintve igen nagy 
jelent séggel bír. A vizsgált mintákban az epidot és allanit nyomelem-eloszlását alapvet en három 
tényez  befolyásolta, (1) a fluidum tulajdonságai (RFF, Ni, Co, Th, U, Pb), (2) a mellékk zet 
összetétele (könny  RFF, Ti), és/vagy (3) az ásványok kristályszerkezete (pl. LILE, Mg, Ti). 
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9. A hidrotermás ásványegyüttesek használata a Sudbury-szerkezet „szulfidszegény”  
Cu-(Ni-)platinafém feküércesedéseinek kutatásában 
A megfigyelések alapján a „szulfidszegény” ércesedések szempontjából perspektivikus területek (1) 
kontakt, esetleg „szulfidtelér-rendszer” típusú érctelepek közelében helyezkednek el, (2) rideg töréses 
szerkezeti zónák teremtenek összeköttetést ezen ércesedett területek felé, és (3) jelent s mennyiség  
Sudbury Breccsát és mafikus-intermedier k zeteket tárnak fel. 
A kiválasztott terület felszíni kutatása során a különböz  hidrotermás ásványegyüttesek jelenlétét l 
függ en háromféle helyzet lehetséges. Optimális esetben a hintett-pecsétes szulfidel fordulás már a 
felszínen megjelenik, és a hozzá kapcsolódó jellegzetes szilikátszegély alapján megállapítható annak a 
Sudbury-rendszerhez kapcsolható eredete. A poikilites epidot a makroszkóposan szulfidmentes 
mintákban is jelzi a fémhordozó fluidumok egykori jelenlétét. 
Az extenziós erek szulfidércesedés nélkül való el fordulása a Sudbury Eseményhez kapcsolódó 
hidrotermás rendszer jelenlétére utalnak. Annak megítélésére, hogy a rendszer hordozott-e fémet, vagy 
sem, az amfibol erek vizsgálata a legcélravezet bb módszer. Az anomális nemesfémtartalom, a Ni-
gazdag aktinolitos szegélyzónák az amfibol kristályokon és a poikilites epidot megjelenése az érben 
fémhordozó fluidumot jelez, az erek orientációja pedig a f  fluidmigrációs irányra utal. Medd  rendszer 
esetén ezek a jellegzetességek az amfibol erekben nem figyelhet k meg. 
Azon terültetek, ahol kizárólag nyírásos epidot-kvarc erek figyelhet k meg, nem ígéretesek a 
„szulfidszegény” ércesedés szempontjából. Bár a nyírásos erek is jellemezhet k bizonyos 
fémmobilizációs képességgel, szerepük a kutatásban nem releváns. Ennek oka abban keresend , hogy a 
mobilizált elemek szállítási útja igen rövid (1–2 m), így ezek az anomális fémtartalmú erek nem képesek 
a kutatásban használható geokémiai udvarokat létrehozni, hanem lényegében az ércesedett zónán belül 
maradnak. 
A fekügranofírhoz kapcsolódó epidot-amfibol zónák és erek nem feltétlenül utalnak jelent s 
szulfidércesedés jelenlétére, mivel anyaoldatuk lokális szegregáció eredménye, és a nagylépték  
hidrotermás fluidáramlástól független. A fekügranofír jelenléte azonban azt jelzi, hogy a terület a SMK 
kontakt udvarán belül helyezkedett el, és az ilyen proximális területek nagyobb potenciállal bírnak az 
ércesedés szempontjából, mint a SMK/fekü kontaktustól távol es k.  
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